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ABSTRACT
Lipids serve numerous cellular functions that are essential to the survival of
species ranging from the smallest micro-organisms to the largest plants and the most
highly evolved animals. In all cases, the ability of an individual lipid (or a class of
lipids) to perform its biochemical role is dependent on its molecular structure. As a
result, small alterations in the chemical structures of lipids can change their physical and
biochemical properties, and thus affect their roles within a living organism. Extensive
work on the relationship between lipid bio-activity and molecular structure points to the
importance of acyl chain length, relative acyl chain position (i.e., sn-position), chain
branching, location and even stereochemistry of carbon-carbon double bonds (i.e., cis
versus trans).
It is becoming increasingly apparent therefore, that detailed molecular structure
elucidation of lipids is critical to informing our understanding of both their structural
and signaling functions. Contemporary lipidomics protocols rely on tandem mass
spectrometry and in particular collision-induced dissociation (CID) of even-electron
ions. While these approaches are powerful for determining lipid class and identifying
the number of carbons and the degree of unsaturation of any acyl chain substituents,
they are typically blind to isomeric variants arising from different carbon-carbon
bonding motifs within these chains, including double bond position, chain branching
and cyclic structures. In this work, we have reviewed the current mass spectrometrybased methods for structural characterisation and investigated some alternative ion
activation methods directed toward the complete structure elucidation of lipids.
Ozone-induced dissociation (OzID) was previously developed in our laboratory
for localisation of carbon-carbon double bonds by utilising the gas phase ion-molecule
reaction between ionised unsaturated lipids and ozone in an ion-trap mass spectrometer.
Herein, we evaluated the performance of OzID for both structural elucidation and
selective detection of conjugated carbon-carbon double bond motifs within lipids.
vi

Strikingly, conjugated lipids were found to react up to one hundred times faster than a
comparable non-conjugated isomer for any given metal adduct ion. In addition,
ozonolysis of each conjugated isomer was found to yield a unique radical ion that was
associated with the position of the conjugated diene motif. This phenomenon has been
exploited to undertake neutral-loss (NL) scans on a triple quadrupole mass spectrometer
targeting characteristic OzID transitions: giving rise to a new protocol dubbed NLOzID.
Herein, we also describe the application of multiple stages of MS utilising different
combinations of CID and OzID for structural analysis of glycerolipids, by removing one
or two of the esterified fatty acids and leaving the remaining acyl chain(s) for
ozonolysis. The method is demonstrated to identify (i) fatty acid position on glycerol
backbone and (ii) assignment of the double bond position(s) within a particular acyl
chain and assigning the chain to a specific sn-position. It is thus a significant step
forward to the complete structural assignment of lipids by mass spectrometry alone.
To identify the structural variations in branched lipids, we have applied radicaldirected dissociation (RDD) to the field of lipidomics for the first time. In this approach,
laser irradiation at UV wavelengths (266 nm) is employed to generate lipid radical ions
from either non-covalent complexes (i.e., adduct ions) or covalently modified
derivatives, both of which contain a photo-caged radical initiator centre. Subsequent
activation of the nascent radical ions results in RDD with significant intra-chain
fragmentation of acyl moieties. This approach provides diagnostic fragments that are
associated with the positions of double bonds and also the positions of chain-branching
within individual lipid structures, ranging from simple lipids (e.g., various motifs of
fatty acid derivatives) to complex lipids (e.g., glycerophospholipids, sphingomyelins
and triacylglycerols). RDD has been used to reveal lipid structural diversity in olive oil
and human very-low density lipoprotein. The work described herein demonstrates the
utility of several novel ion activation methods in providing structural information on a
wide range of lipid species. Taken together, OzID, CID/OzID and RDD represent
powerful new tools for contemporary lipidomics.
vii

INTRODUCTION

CHAPTER 1
Introduction

(Related work has contributed in two publications:
* Mitchell, T.W., H.T. Pham, M.C. Thomas and S.J. Blanksby, Identification of
double bond position in lipids: From GC to OzID. J. Chromatogr. B, 2009. 877(26):
pp. 2722-2735.
* Brown, S.H.J., T.W. Mitchell, A.J. Oakley, H.T. Pham and S.J. Blanksby, Time to
Face the Fats: What Can Mass Spectrometry Reveal about the Structure of Lipids and
Their Interactions with Proteins? J. Am. Soc. Mass Spectrom., 2012. 23(9): pp. 14411449.)
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INTRODUCTION

1.1 Lipids - biological function, classification and nomenclature
1.1.1 Lipid roles in cell function
Lipids encompass a variety of structures and are distributed throughout the living
world from the smallest micro-organisms to the largest plants and most evolved
animals.1 Lipids are involved in many vital biological processes ranging from
transcription of the genetic code to regulation of metabolic pathways and physiological
responses.2 Notably, lipids are primary constituents of the membranes that act as an
outer barrier for all cells and organelles.3 The functional properties of membrane
bilayers formed by polar lipids are influenced by the hydrophilic surface of polar lipid
head-groups and the hydrophobic core made of the lipid acyl substituents.4 The
structure of lipids, such as the presence of unsaturation or methyl branches, also has
pronounced effects on the physical properties and structural organisation of cell
membranes.5 For instance, the length and the degree of unsaturation of lipid acyl
constituents determine the thickness of the membrane bilayers.6 Various classes of
lipids are found in membranes and these vary with different cell types. As an example,
neutral diacylglycerol glycans are major components in the membranes of plants and
many gram-positive bacteria while lipopolysaccharide is structural component of the
outer membrane of gram-negative bacteria.1 Even within one organism or cell type,
lipid components sometimes prefer one leaflet of the membrane bilayers over the other.
For example, eukaryotic membranes contain abundant phosphatidylcholines (PC) and
sphingomyelins (SM) in the outer leaflet while phosphatidylethanolamines (PE) and
phosphatidylserines (PS) are mostly found in the inner leaflet.6
Lipids are known to affect the structure and function of proteins via two types of
the lipid-protein interactions. Firstly, the polar lipid head-groups of membrane lipids
can interact with the hydrophilic region in proteins and aid in protein aggregation.
2
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Secondly, the unique structure and self-association properties of a lipid covalently
bound to a protein can regulate the protein-membrane and protein-protein interactions
that are crucial to cell function.7,8 In addition to their structural roles, lipids are involved
in a broad range of other cellular functions including signal transduction processes.9,10
For example, diacylglycerols, ceramide and sphingosine, which are products in
glycerolipid and sphingolipid metabolism, were well-known as lipid second messengers
and participate in a variety of cellular signaling pathways.11,12
Another important biological role of lipids is to provide reservoirs for long-term
energy storage.13 The major forms of stored-energy are triacylglycerols (TG) that are
found in most animal fats and plant seeds. When a specific cell is in need of fatty acids,
TG can be delivered from adipose tissues to the required location and hydrolysed by
lipases. The hydrolysis then releases fatty acids that are readily incorporated by the cell
on-site.2 In order to mobilise in the body, lipids combine with proteins to form a
biochemical assembly called lipoprotein.14,15 A prime role of the lipoprotein system is
transporting lipids throughout the body fluids while it also participates in a diverse
range of processes such as immune reactions, coagulation and tissue repair.16 By a
specific gravity method, lipoprotein is classified from highest to lowest density as high
density lipoprotein (HDL), low density lipoprotein (LDL) and very low density
lipoprotein (VLDL).17,18 When the density of lipoprotein decreases, the ratio of TG to
phospholipid and cholesterol content increases, for instance the VLDL particles contain
the highest proportion of TG in the core.19
As evidenced by the discussion above, the molecular structure of lipids has a
significant impact on their biological roles and cellular functions. Technologies capable
of lipid structure and in particular, approaches to elucidate subtle changes in lipid
structure, are thus essential to provide new insights into the state of metabolism.
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1.1.2 Definition and classification
Traditionally, lipids have been defined by their solubility in non-aqueous solvents
such as chloroform, hydrocarbons or alcohol.20 This physical property has been used to
classify a broad range of lipids with little or no common chemical properties, owing
largely to structural variations. However, this definition is restrictive since some lipids,
such as saccharolipids, containing large hydrophilic domain are not soluble in these
organic solvents whereas many peptides and hydrophobic proteins are. Fahy et al. have
proposed a definition and classification of lipids by considering their chemical structure
and biosynthesis.21 This more contemporary definition considers lipids as “hydrophobic
or amphipathic small molecules that may originate entirely or in part by carbanionbased condensations of thioesters (fatty acyls, polyketides, etc.) and/or by carbocationbased condensations of isoprene units (prenols, sterols, etc.)”.
Broadly, lipids are divided into two categories: simple lipids and complex lipids.
Simple lipids mainly contain one type of acyl chain (e.g., fatty acyls,
monoacylglycerols) and result in at most two types of products upon hydrolysis. In
contrast, complex lipids (e.g., glycerophospholipids and sphingomyelins) are those
which yield more than two products upon hydrolysis.21 Alternatively, the terms neutral
and polar lipids are used to classify different lipid groups. Polar lipids contain a polar
moiety

in

their

chemical

structures,

such

as

the

phosphate

group

in

glycerophospholipids, the sulphate group in sulpholipids or the sugar moiety of
glycolipids.20 Neutral lipids are sometimes referred to as non-polar lipids,22 which
consist of a small or weak polar part and a dominant hydrophobic region (e.g.,
cholesterol esters and triacylglycerols). In practice, neutral lipids are much more soluble
in a completely non-polar solvent, such as hydrocarbons, and therefore during liquid
chromatography are more easily eluted by these solvents than are polar lipids.
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1.1.3 Lipid structure and nomenclature
1.1.3.1 Fatty acids
Fatty acids (FA) represent one of the most fundamental classes in lipid
biochemistry. Despite being classified as simple lipids, the formation of FA in biology
plays an important role in cell signaling and metabolic regulation.23 The diversity in FA
arises from different carbon-carbon bonding types and carbon chain motifs, including
unsaturated chains, branched chains and carbocyclic structures. The carbon-chain length
and degree of unsaturation are specified in the shorthand nomenclature for FA which
contains two numbers separated by a colon. The first number represents the total number
of carbon atoms and the second number denotes the total number of double bonds, for
example, linoleic acid can be represented as FA(18:2).24
To describe the location and stereochemistry of carbon-carbon double bonds in
unsaturated FA, additional information is incorporated into both systematic names and
abbreviations. The carbon atoms in a FA are numbered from the carbon in the carbonyl
group (C=O) as C1. The position of a double bond or a triple bond is indicated by a
superscript number next to the symbol Δ or ▲, respectively. For example, Δ9 represents
for a C9, C10 double bond, or ▲3 indicates a C3, C4 triple bond.24 If the geometry of
the double bond is known, the two possibilities for substitution with regard to relative
orientation in the π-plane of double bond can be indicated by modern E/Z system or
historical cis/trans nomenclature according to the Cahn-Ingold-Prelog priority rules.25
In addition, the traditional nomenclature which indicates the position of double bond
with reference to the end of the carbon chain is widely used. This nomenclature is
written as “n-x” where “n” refers to the number of carbon atoms in the chain and “x” is
the number of C-C bonds counted from the methyl terminus of the acyl chain, providing
the location of the double bond, for example, FA(11Z-18:1) becomes FA(18:1 n-7 cis).
5
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Table 1.1: Systematic and common names of some naturally abundant fatty acids.13
Type of FA

Structure

Systematic

Common

name

name

Abbreviaion

OH

Tetradecanoic

myristic

14:0

OH

Hexadecanoic

palmitic

16:0

Octadecanoic

stearic

18:0

arachidic

20:0

Sources
Palm
kernel oil

O

Saturated

Palm oil

O

acid

OH

Animal
fat

O

Icosanoic
OH

(Eicosanoic)

Peanut
Fish oil

O

OH
O

Branched

tetramethyl
hexadecanoic

acid
OH

tetramethyl
pentadecanoic

phytanic

pristanic

br-20:0
(4Me 16:0)
br-19:0
(4Me 15:0)

Bacteria

Butter fat

O
OH

12-hydroxy-

12-OH
18:0

Castor oil

O

fatty acid
(OHFA)

octadecanoic

OH

Hydroxy

−

OH

12-hydroxy-9Zoctadecenoic

OH

ricinoleic

12-OH
18:1

Castor oil

O

9ZOH

hexadecenoic

palmitoleic

16:1 n-7

Animal

cis

fat

18:1 n-12

Coriander

cis

oilseed

O

6Zoctadecenoic

Mono-

petroselinic

unsaturated
9Z-

acid
(MUFA)

OH

octadecenoic

18:1 n-9
cis

Olive oil

O

9E-

O
OH

octadecenoic
11Z-

O
OH

octadecenoic
9Z,12Z-

Poly-

oleic

O

octadecadienoic

elaidic

cis-vaccenic

linoleic

18:1 n-9

Ruminant

trans

fat

18:1 n-7

Butter fat

18:2
n-6, n-9

Safflower oil

OH

unsaturated

9Z,12Z,15Z-

acid (PUFA)
O

octadecatrienoic

α-linolenic

18:3

Flaxseed

n-3, n-6, n-9

oil

OH
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Branched acyl chains are denoted by a prefix, “br-”, for example a branched
icosanoic acid (formerly ‘eicosanoic’) is written as FA(br-20:0).13,24 Phytanic and
pristanic acids are common branched FA containing four methyl branches on the carbon
chain. Other than methyl branching chains, functionalised fatty acids containing hydroxyl
substituted group(s) on carbon chain are classified as hydroxy fatty acids (OHFA).
Ricinoleic acid FA(12-OH 18:1) is abundantly present in castor oil and is an example of
this FA subclass. Some abundant fatty acids found in natural sources are listed in Table
1.1 with their structures, systematic names, common names, and abbreviations.

1.1.3.2 Glycerophospholipids
Glycerophospholipids (GP), often referred to as phospholipids, consist of two
fatty acids and a phosphate head-group esterified onto a glycerol backbone. The
structures of six common classes of phospholipid head-groups are shown in Figure 1.1,
including phosphatidic acid (PA), phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylserine (PS), phosphatidylglycerol (PG), and phosphatidylinositol
(PI). The complete lipid structure shown in Figure 1.1 is a PC compound with the
systematic name as 1,2-dipalmitoyl-sn-glycerol-3-phosphocholine.
In order to designate the substitution of the glycerol in glycerolipids, the carbon
atoms of glycerol are numbered stereospecifically. The prefix sn- (stands for
stereospecifically numbered) system is used before the corresponding carbon number
(i.e., sn-1, sn-2 and sn-3) to specify the location of FA and the head-group of
phospholipids. This prefix is written before the name of the compound to differentiate
such numbering from conventional numbering which does not convey stereochemical
information. If the prefix sn- is absent, the systematic name represents either a mixture
of regioisomers or a GP for which the regiochemistry is unknown.21
7
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Figure 1.1: Structures of glycerophosphate-based lipids showing the six major headgroup classes.1 sn-1/sn-2/sn-3 position is shown next to the corresponding carbon atoms
on the glycerol backbone, where the phosphate group is attached at the sn-3 position in
this figure.
The order of substituents on the glycerol backbone are defined by applying either
standard rule24 using a Fischer projection or sequence rule according to the
stereochemical configuration (i.e., R/S) of a chiral centre.26 Figure 1.2 shows the
illustration of the standard rule using the Fischer projection of phospholipids containing
phosphate moiety esterified at a primary hydroxyl group of the glycerol. The standard
rule defines that “the carbon atom that appears on top in the Fischer projection that
shows a vertical carbon chain with the hydroxyl group at C2 to the left is designated as
C1”.24 Once C1, C2 and C3 are determined in a Fischer projection, the sn-position of
FA and GP head-group attaching to this glycerol backbone can be specified.
8
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Figure 1.2: Fischer projection of two stereoisomers (a) sn-glycerol 3-phosphate, and (b)
sn-glycerol 1-phosphate (from IUPAC Nomenclature of Lipids, 1977).24
Alternatively, the sequence rule relies on R/S stereochemistry of a chiral centre at
C2 carbon of glycerol. By default, R stereochemistry is implied at C2 in most GP
species in eukaryotes and eubacteria, and therefore head-group is attached at the sn-3
position (cf. Figure 1.1). In some rare cases such as in archaebacteria, GP contain the
polar head-group attached at the sn-1 position with opposite S stereochemistry at C2 of
the glycerol backbone.27
The shorthand nomenclature for GP species is formatted as follow: <phospholipid
class > (<total number of carbon atoms in the first fatty acid moiety>:<total number of
double bonds in the first fatty acid moiety> / < total number of carbon atoms in the
second fatty acid moiety>:< total number of double bonds in the second fatty acid
moiety>). For example, the shorthand notation for the compound in Figure 1.1 is written
as PC(16:0/18:1). When the relative position of fatty acyl substituents on the glycerol
backbone is unknown, a dash (-) is used between two FA components instead of the
slash (/) and it is written as PC(16:0-18:1).
9
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1.1.3.3 Sphingomyelins
Sphingomyelin (SM) is a common member of the sphingolipids family. It is
derived from the condensation of palmitoyl-CoA and serine to produce a sphingosine
backbone to which a fatty acid is linked by an amide bond. In addition, the primary
hydroxyl group of sphingosine is esterified to phosphate choline (equivalent to the PC
headgroup).10 Structures of the sphingosine backbone, ceramide (Cer) and
sphingomyelin (SM) are shown in Figure 1.3 along with their shorthand nomenclature.

Figure 1.3: Structures of the sphingosine backbone, ceramide (Cer) and sphingomyelin (SM).

The structure of sphingosine is defined to contain a specific (2S,3R) configuration
of chiral centres at the second and third carbon, two hydroxyl groups at C1 and C3, an
amine group in C2 and a double bond at Δ4 position with a E configuration. For
shorthand purposes, a nomenclature similar to that for fatty acids can be used: the chain
length and number of double bonds are denoted in the same manner with the prefix 'd'
or 't' to designate di- and trihydroxy bases, respectively.10 Thus, the sphingosine
backbone is annotated as d18:1 indicative of the 18-carbons and one double bond with
two hydroxyl groups (Figure 1.3).
10
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1.1.3.4 Acylglycerols
Acylglycerols comprise the major component in animal fats and vegetable oils.
Structurally, they are composed by either one, two or three fatty acids esterified to a
glycerol

backbone.21

The

specific

nomenclature,

monoacylglycerol

(MG),

diacylglycerol (DG) and triacylglycerol (TG), refers to the number of fatty acids
attached to the glycerol moiety. Similar to other glycerol-based lipids, e.g.,
glycerophospholipids, a stereospecific numbering system is recommended to describe
structures of these lipid forms. The sequence rule is illustrated for acylglycerols in
Figure 1.4 below where the chiral designation is determined according to the CahnIngold-Prelog priority rules.25

Figure

1.4:

Representative

structures

of

acylglycerols

indicating

how

the

stereochemistry of the chiral centre determines the sn- order on glycerol backbone.
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In general, the stereoisomerism arising from acylglycerols is more complicated
than from GP species because the fatty acid moieties can be esterified onto any
hydroxyl group of the prochiral glycerol compound. Although MG contain only one
FA, it can be esterified onto either of the outer positions (sn-1/sn-3) or the middle
position (sn-2), accounting for three possible sn-positional isomers as shown in Figure
1.4. The sequence rule defines that a MG with an S chiral centre is assigned as 1-MG,
whereas an R chiral centre is found in a 3-MG isomer. A suffix containing “iso” along
with the number of possible isomers is appended to the abbreviation, e.g., MG [iso3].26
Isomerism in the DG class is increased by the relative location of the two FA:
either adjacent to each other (e.g., 1,2-DG) or both attached at the outer positions (e.g.,
1,3-DG). In the former case, the sequence rule distinguishes 1,2-DG by S configuration
at C2 whereas R designation is distinctive for 2,3-DG species (Figure 1.4).26 If the two
FA substituents are different, there are four possible regioisomers corresponding to
adjacent-DG species whose structures are shown in Figure 1.4. However, when the R/S
system is applied for 1,3-DG and TG, substitution of one of the primary hydroxyl
groups often leads to changes in the chiral configuration prefix, thus obscuring chemical
and biochemical relationships.24 It is generally not possible to establish the complete
description of sn-regioisomeric mixtures of TG occurring in natural sources. In these
cases, the conventional standard rule based on the natural L-glycerol derivatives is
recommended. It is specified in Figure 1.5 where the secondary hydroxyl group (or the
substituent) is shown to the left of C2 in the Fischer projection, then the carbon atom at
the top is C1 and the one at the bottom becomes C3, defining the order of sn-postions
on the glycerol backbone.
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Figure 1.5: Fischer projection of some sn-acylglycerol isomers and a representative
structure of a single triacyl-sn-glycerol molecular species.
When the composition and sn-position of fatty acids in TG molecules are
accurately identified, the order of fatty acyl substituents is specified in the systematic
shorthand nomenclature, e.g., TG(14:0/16:0/18:1) in Figure 1.5, where the 14:0, 16:0
and 18:1 FA substituents are sequentially present at the sn-1, sn-2 and sn-3 positions,
respectively. In the case that only the total composition is known, abbreviations such as
TG(50:1) and DG(34:2) can be used where the numbers before and after the colon
within the parentheses refer to the total number of carbons and total degree of
unsaturation, respectively.26 Such designations have been termed, sum compositions or
brutto lipid assignments.28
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1.2 Isomerism and lipid structural diversity
1.2.1 Double bond positional and geometrical isomerism in unsaturated
lipids
Structural isomerism contributes significantly to the natural diversity of lipids.
The impact of variations in lipid structures on the behaviour and organisation of lipid
bilayer model membranes has been highlighted.29,30 Studies in the literature also
indicate that within living organisms different lipid isomers play different, and in some
cases contrasting, metabolic roles.31 The specific functions of lipid classes, and indeed
individual lipids, are related to their chemical and physical properties that in turn
depend on specific features of molecular structure.
The metabolic fate of some fatty acids is dictated by the position of carbon-carbon
double bonds.32,33 For example, a study on the effects of two conjugated linoleic acid
isomers in development of atherosclerosis in ApoE knockout mice revealed that
(10E,12Z-18:2) had a profound atherogenic effect whereas the alternate isomer (9Z,11E18:2) was reported to be anti-atherogenic.34 It should be noted that such functional
differences are likely owing to the combination of both position (e.g., Δ9 and Δ11) and
geometry, e.g., cis (Z) and trans (E) configuration of the two double bonds.
Location of the double bond within unsaturated lipid molecules can also control
the binding efficiency of lipid-protein interactions. Results from X-ray crystal structures
of the steroidogenic factor-1 (SF-1) protein for example, suggested that the acyl chain
positions, chain length and double bond position all appear to be much more significant
to phospholipid-SF-1 binding than the polar lipid head-group.35,36 Given the importance
of these structural motifs in influencing biochemical and biophysical processes, it is
increasingly important to identify such structural differences between isomeric lipids as
has been highlighted in recent critical reviews.8,37,38
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Nuclear magnetic resonance (NMR) spectroscopy is commonly applied to the
determination of molecular structure for organic compounds and is able to provide
information on location and stereochemistry of double bonds. While 13C and 1H-NMR
been applied to lipid analysis, both require a relatively large amount (typically
milligram quantities) of separated and purified lipids. This requirement represents a
significant impediment to the application of NMR for lipid structural analysis as lipid
extracts are extremely complex mixtures. Traditional methods to separate isomeric
lipids include gas chromatography (GC) and high performance liquid chromatography
(HPLC) and are based on the comparison of chromatographic retention times with those
of standard compounds.39-41 Such chromatographic approaches can provide separation
of double bond positional- and stereo-isomers usually for fatty acid methyl esters
(FAME) or other form of fatty acid derivatives. For example, Figure 1.6 below displays
a gas chromatogram of a FAME mixture derived from fried potatoes.42

Figure 1.6: Capillary gas chromatogram of the C18:1 region as FAME in a food sample
(French fried potatoes) (adapted from reference42)
This chromatogram was unable to resolve the likely most abundant FAME(9Z18:1) [identified in Figure 1.6 as C18:1 9c] from other isomeric constituents
15
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FAME(13E-18:1) and FAME(14E-18:1) [indicated as C18:1 13t and 14t, respectively].
Therefore, these traditional methods are dependent on experimental conditions and some
isomers are difficult to resolve by chromatography. Furthermore, for complex lipids the
intact structure information is usually lost during the hydrolysis step, which is required
to convert all FA substituents to FAME. The application of GC-MS in separation and
identification of lipid analysis is discussed in more detail in Section 1.4.3.

1.2.2 sn-Positional isomerism in glycerolipids
In all glycerol-based lipids (e.g., glycerophospholipids, acylglycerols), isomerism
can arise from the variation of the site of fatty acid attachment (i.e., sn-position).
Representative structures of two possible sn-positional isomers for PC(34:1) and
TG(50:1) molecules are illustrated in Figure 1.7.

Figure 1.7: Representative structures of two phosphatidylcholine sn-positional isomers
of PC(34:1) as PC(16:0/18:1) and PC(18:1/16:0) and two triacylglycerol sn-positional
isomers of TG(50:1) as TG(16:0/16:0/18:1) and TG(16:0/18:1/16:0).
16
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The relative positions of the two esterified fatty acids are important to the
biological roles of certain membrane phospholipids. For example, two classes of
enzymes, phospholipase A1 (PLA1) and phospholipase A2 (PLA2), are involved in the
hydrolysis of fatty acids specifically from the sn-1 and sn-2 positions, respectively.43
Indeed, the traditional method for assigning fatty acid positions within phospholipids
involves hydrolysis catalysed by PLA2 with subsequent product analysis.44,45 However,
these methods are time consuming, especially when applied to biological extracts where
the chromatographic purification of individual phospholipids is required prior to
enzymatic digest. The strengths and limitations of mass spectral approaches are
discussed in detail in Section 1.4.2. As a result of the difficulties in experimental
assignment, an empirical assumption has emerged based on the common trends for sndistribution of FA in natural sources, whereby shorter-chain saturated fatty acids are
usually esterified at the sn-1 position while longer-chain unsaturated fatty acid are likely
to be found in the sn-2 position.46,47
In the case of triacylglycerol (TG), changes in the relative position of three fatty
acids esterified onto the glycerol backbone can result in up to six sn-positional isomers.
The position of acyl chains in molecular TG species is also a crucial factor in
metabolism.48 For example, during digestion, hydrolysis of TG species occurs
dominantly at sn-1/sn-3 positions. In contrast, the sn-2 fatty acid plays a role in
enhancing the fat absorption process.49 Modification of the fatty acids at sn-2 in dietary
TG may directly alter lipoprotein metabolism.50 Mixtures of sn-positional TG isomers
found in vivo can be analysed by employing either selective enzymes (cf. GP) or
chromatography, ranging from gas chromatography,51 thin layer chromatography
(TLC)52 to high and ultra-high performance liquid chromatography (HPLC and
UHPLC).53,54 The body of prior analyses of TG in plant seed oils and animal fats shows
17
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that polyunsaturated FA are distributed predominantly at the sn-2 position while
saturated FA are found more abundantly at the outer positions.49,55 Although in these
systems an extensive sample set has been examined, the sn-isomerism of TG in human
tissues has not been widely investigated.

1.2.3 Branching positional isomerism in branched lipids
Branched lipids, especially methyl branching fatty acids, are abundant in bacterial
and some ruminant animal lipids, and have important biological functions.56-58 Common
methyl branched fatty acids in the human diet, e.g., phytanic and pristanic acids, are
associated with some specific oxidation pathways within peroxisomes. It was reported
that a particular position of methyl branch on fatty acyl chain can affect the metabolic
fate of the molecule. For example, 3-methyl and 2-methyl branched-chain fatty acids are
degraded in α- and β-oxidation pathways, respectively. A typical example of a 3-methyl
branched chain lipid is phytanic acid, which has a methyl branch at the β-carbon and
cannot be degraded by β-oxidation. Consequently, the α-oxidation pathway is first
employed to break down dietary phytanic acid to produce pristanic acid, which is a 2methyl branched chain fatty acids and can undergo typical β-oxidation.59
The presence of methyl branches also gives rise to chiral centres, and thus
stereoisomers, which are also important in metabolism. For example, pristanic acid with
(2S)-stereoisomer can be readily oxidised, but in the case of 2-methyl branched acids
with the opposite configuration (R) an additional enzyme is required to catalyse the
stereo-isomerisation prior to the oxidation.60 Hydroxyl and methyl branched fatty acids
also have significant impacts on the organisation of cell membranes.5 Methyl branched
N-acyl chains in SM have been shown to weaken the interaction between SM and sterol
in comparison to non-branched isomers. Importantly, the position of branching points is
18
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reported to dramatically affect the acyl chain order and the intermolecular interactions
in membrane bilayer.61
Traditional analytical methods for the characterisation of branched carbon chains
in lipids rely on gas chromatography in combination with electron ionisation (EI) mass
spectrometry. These analyses are typically performed following hydrolysis of complex
lipids and derivatisation to FAME. For example, this method was used for identification
and quantification of various methyl branched-chain FA in dairy products and fish
samples.62

1.2.4 Project objectives
As discussed above, even small alterations in chemical structure can change the
physical and biochemical properties of lipids, thus affecting their roles in living
organisms.63,64 Moreover, there is a growing body of literature suggesting that the
presence of naturally occurring lipid isomers can have a significant influence, both
positive and negative, on the development of pathologies such as cancer,65
atherosclerosis

66,67

and type 2 diabetes.68 Such examples highlight the importance of

identifying the distribution and the role of isomeric lipids in cells. Isomers
discrimination and quantification however, are current challenges to even the most
advanced lipidomic protocols.69 This arises because of the increased reliance on mass
spectrometry which is a technology inherently challenged in differentiating isomers.
Some remaining analytical challenges in lipidomics include identification of: (i) the acyl
chain motifs within lipid substituents (e.g., non-branched carbon chain or branched
chain), (ii) the position and geometry of carbon-carbon double bond(s) in unsaturated
acyl chains, (iii) the branching point(s) in branched lipids and (iv) the regiochemistry of
the glycerol bound acyl chains (often referred to as sn-regioisomerism).
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In the next section, current developments and limitations of mass spectrometrybased lipidomics for characterisation of lipid structures will be reviewed. In addition,
investigations into alternative ion activation methods aimed towards complete structure
elucidation of molecular lipids will be discussed.

1.3 Structural characterisation of lipids by mass spectrometry
1.3.1 Electrospray ionisation mass spectrometry: shotgun lipidomics
Mass spectrometry is the most popular and powerful method for lipid analysis due
to its ability to identify and quantify hundreds of individual lipid molecules within a
crude extract.22 One of the principle mass spectrometry methods is termed “shotgun
lipidomics”. This method employs electrospray ionisation (ESI) tandem mass
spectrometry to provide structural information for lipids based on their mass-to-charge
ratios and characteristic product ions following collision induced dissociation (CID).70
Shotgun lipidomics has developed into a new tool for lipid analysis allowing for both (i)
global lipidomics which aims to identify and quantify all lipid classes within a
biological extract71,72 and (ii) targeted lipidomics which focuses on the identification
and quantification of a single lipid species in the sample.73
Global lipidomic analysis can detect several hundred lipids in a biological
extract without a prior fractionation from less than one-fiftieth of the sample required
for liquid chromatography.22 The lipid profile of a cell or tissue extract can be
detected on a relatively short timescale, ca. seconds. Due to individual features of
molecular structures however, the ionisation efficiency is different for each lipid class.
For example, the fixed positive charge (i.e., trimethylammonium in choline group)
present in PC and SM enhances their ionisation efficiency in positive ion mode. While
PC and SM tend to yield positive ions, other phospholipid classes such as PG, PS, PE
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and PA have a greater tendency to yield [M – H]- anions upon negative ion analysis.22
Therefore positive ion mode is usually applied in combination with negative ion mode
of ESI-MS to detect the majority of lipid classes.74 For example, Figure 1.8 displays
two positive ion ESI-MS spectra from two samples extracted from cow brain and cow
kidney. The ions present in these spectra correspond, predominantly, to the sodium
adducts and protonated ions of phosphatidylcholines present in the extract, e.g., m/z
782 and m/z 760 ions corresponds to [PC(34:1) + Na]+ and [PC(34:1) + H]+,
respectively.

Figure 1.8: ESI-MS mass spectra obtained in positive ion mode for lipids extracts from
(a) cow brain and (b) cow kidney. The ions observed represent the [M + Na]+ and [M +
H]+ of abundant phosphatidylcholines present in the samples.
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TG are considered neutral species and have a tendency to form positively charged
adduct ions when subjected to ESI in the presence of ammonium [M + NH4]+, lithium
[M + Li]+ or sodium [M + Na]+ salts. As an example, the ESI-MS spectrum shown in
Figure 1.9 was acquired from a very low density lipoprotein (VLDL) extracted from a
64-year-old woman.75,76 The ions observed represent a wide range of TG molecules
within the mixture in form of sodium adduct ions [M + Na]+.

Figure 1.9: ESI-MS spectrum of TG mixture isolated from a human VLDL extract.
ESI-MS only reveals the mass-to-charge ratio of ionised analytes, but the
complexity of biological extracts frequently gives rise to numerous lipid molecules with
the same nominal mass. Thus the sensitivity of shotgun lipidomics can be improved
through the use of instrumentation capable of high mass resolving power and accurate
mass measurement. For this reason, a new generation of high-resolution mass
spectrometers, particularly quadrupole time-of-flight (TOF),77 orbital ion-trap78 and
Fourier transform–ion cyclotron resonance (FT-ICR) instruments,79 have proven to be
powerful tools in lipidomics. However, the improvement in mass resolving power cannot
reveal the presence of lipid isomers, which (by definition) have identical elemental
composition.
22

INTRODUCTION
1.3.2 Tandem mass spectrometry
Structural characterisation of glycerophospholipids (GP)
Collision induced dissociation (CID) used in tandem mass spectrometry (ESIMS/MS) of glycerophospholipids provides molecular structure information based on
neutral losses and characteristic product ions for particular head-groups and fatty acid
compositions.80-82 In these experiments, phospholipids ionise in either negative ion
mode, most commonly in the deprotonated form [M – H]–, or positive ion mode, in the
protonated form [M + H]+ or as alkali metal adducted ions (e.g., [M + Na]+) and these
precursor ions are then mass-selected and subjected to CID using collision energies
between 10 – 100 eV (i.e., low collision energy).
Shown in Figure 1.10 are two CID spectra acquired for phosphatidylserine
PS(16:0/18:1) in the negative ion mode as an [M – H]– precursor ion and in positive ion
mode as an [M + Na]+ ion. the positive sodium adducted ion [PS(16:0/18:1) + Na]+ at
m/z 784. In both CID spectra, the presence of the serine head-group is identified by a
characteristic loss of 87 Da from the precursor ions, i.e., corresponding to the neutral
loss of C3H5NO2. CID of protonated PS ([M + H]+ ion) is dominated by the loss of 185
Da, which also identifies the phosphoserine head-group but provides no information
regarding fatty acid composition until the MS3 experiment is performed on this product
ion.83 Fatty acid composition can be determined straight in the negative ion CID
spectrum by the formation of acyl anions seen at m/z 255 for [16:0 - H]- and m/z 281 for
[18:1 - H]- in Figure 1.10(a). Alternatively, neutral losses of the 16:0 and 18:1 fatty acyl
chains are observed in positive ion mode at m/z 528 [M + Na - 16:0]+ and m/z 502 [M +
Na - 18:1]+ (Figure 1.10b).
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Figure 1.10: CID spectra of (a) the negative ion [PS(16:0/18:1) - H]- at m/z 760 and (b)
the positive sodium adducted ion [PS(16:0/18:1) + Na]+ at m/z 784.
Although CID can assign the number of carbons and degree of unsaturation in
each fatty acyl substituent, it cannot detect the variations in the carbon chain motifs,
such as location of carbon-carbon double bonds or branching points. For example, the
CID spectra obtained from the two PC isomers PC(9Z-18:1/9Z-18:1) and PC(6Z18:1/6Z-18:1) are shown in Figure 1.11 and are clearly indistinguishable. Due to the
fixed charge (i.e., trimethylammonium) in the choline headgroup, PC was detected in
negative ion mode in complex with an adducted anion, such as chloride, acetate or
benzoate (the structure of the benzoate adduct is shown above Figure 1.11(a,b)). The
major product ion arising from the CID of [PC + X]- (where X = Cl, CH3CO2 or PhCO2)
were [PC - CH3]- anions as observed at m/z 770 in Figure 1.11(a,b). Further
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fragmentation of these ions only gave rise to the neutral losses of 18:1 substituent as a
ketene (m/z 506) or neutral fatty acid (m/z 488) and formation of the [18:1 - H]- ions
observed at m/z 281 in Figure 1.11(c,d). Intra-chain fragmentation that might distinguish
between the isomeric lipids was not observed.

Figure

1.11: CID spectra

of

the

iodobenzoate adduct ions of

isomeric

phosphatidylcholines in negative ion mode (a) PC(9Z-18:1/9Z-18:1) and (b) PC(6Z18:1/6Z-18:1) show formation of the [PC - CH3]- anions at m/z 770. MS3 spectra arising
from CID of [PC - CH3]- m/z 770 ions produced from (c) PC(9Z-18:1/9Z-18:1) and (d)
PC(6Z-18:1/6Z-18:1).
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Despite the limitations of CID in differentiating isomeric lipids, the power of the
technology to rapidly identify lipids at a molecular level is unrivalled. As such, the
characteristic product ions in tandem mass spectrometry (MS/MS) enables the use of
neutral loss (NL) scan and precursor ion scan (PIS) using triple quadrupole mass
spectrometers which incorporate two mass analysers, i.e., Q1 and Q3.84 Tandem mass
spectrometry involves multiple steps of ion selection with the fragmentation of ions
between these stages, i.e., in the collision cell (q2). The schematic representation shown
in Figure 1.12 illustrates the function of each quadrupole during these scan types with
example spectra obtained in NL and PIS modes displayed in Figure 1.13.

Figure 1.12: Schematic representation of the configuration of a triple quadrupole mass
spectrometer for scan types commonly employed in lipidomic analyses. (a) normal, (b)
product ion, (c) precursor ion, (d) neutral loss or neutral gain, and (e) multiple reaction
monitoring (Figure adapted from reference69).
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Figure 1.13: Negative ion mass spectra obtained from a triple quadrupole mass
spectrometer resulting from (a) NL scan with an offset of 87 Da for all precursor ions
containing a serine head-group, (b) PIS m/z 255 for precursor ions containing FA 16:0
and (c) PIS m/z 281 for precursor ions containing FA 18:1 in their molecular structure
(Figure adapted from reference69).
It has been demonstrated that the advances of NL and PIS modes have
significantly improved the sensitivity and reliability for identification of phospholipids
in lipid extracts.85 The characteristic loss of 87 Da for the phosphoserine head-group is
integrated as an offset in a NL scan resulting in a spectrum such as that shown in Figure
1.13(a). The NL framework, as illustrated in Figure 1.12 (d), allows for detection of all
precursor ions incorporating a serine head-group in the intact molecular structure, thus
the distribution of PS species within the sample can be obtained. In addition, the PIS
mode is performed by transmitting a fixed product ion in Q3 whilst scanning Q1
quadrupole. The resulting spectrum includes all ions that produce same characteristic
fragment ion upon CID in q2 (as illustrated in Figure 1.12(c)). Therefore, the spectra in
Figure 1.13(b) and (c) acquired in PIS mode for m/z 255, 281 identify acidic
phospholipids containing a palmitoyl (16:0) or oleoyl (18:1), respectively. Observation
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of m/z 760 in all three spectra of Figure 1.13 indicates the presence of PS(16:0-18:1) in
the sample. Another common example is PIS spectra acquired for m/z 184 in the
positive ion mode, which identifies the presence of PC and/or SM.86,87 Enhancement of
multiple PIS in negative ion mode can even allow for identification and quantification
of individual molecular species occurring at low abundance in tissue extracts.88,89
Structural characterisation of triacylglycerols (TG)

Tandem mass spectral data is also used to analyse TG. Precursor ions, in the form
of ammonium or alkali metal adducts, produce characteristic product ions arising from
the three fatty acid moieties upon collisional activation. Shown in Figure 1.14 is the
CID spectrum of sodium adduct of TG(16:0/18:0/9Z-18:1). Six major product ions are
observed, corresponding to the neutral loss of each of three fatty acyl substituents either
with protons (i.e, loss of free acids) or with sodium (i.e., loss of fatty acid sodium salts).
For example, the presence of the 16:0 FA is indicated by two product ions observed at
m/z 627 and 605, which result from the neutral loss of 16:0H (-256 Da) and 16:0Na (-

278 Da), respectively (Figure 1.14).

Figure 1.14: CID spectra of [TG(16:0/18:0/9Z-18:1) + Na]+ precursor ion at m/z 883.
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It was found that a precursor ion detected in ESI-MS spectra of an unseparated TG
mixture can represents between 5 and 15 isobaric structures.87 Moreover, while the
relative abundance of TG with a specific composition can be estimated, their snpositional isomers cannot be readily distinguished.

1.3.3 Alternative ion-activation methods
Shotgun lipidomics represents a significant evolution in lipid analysis and,
through utilising the mass-selection capabilities of tandem mass spectrometry, is
providing new insights into the biochemical and physiological role of molecular
lipids.90 Although advances in tandem mass spectrometry have allowed for rapid
identification of lipid subclass and quantification of the lipid profile, limits still exist in
distinguishing isomeric lipid, especially the changes in (i) structural motifs of acyl
chains (e.g., double bond position and position of chain branching) and (ii) relative
position of acyl chain attachment to the glycerol backbone. Various ion activation
methods have been developed in order to characterise lipid ions and provide greater
structural information than conventional tandem mass spectrometry affords.
High-energy CID

The [M + Na]+ adduct ions of triacylglycerols have been analysed by high-energy
CID (20 keV) tandem time-of-flight mass spectrometry, yielding rich fragmentation
spectra with structurally diagnostic product ions.91 The method was demonstrated with
synthetic triacylglycerols, for which the positions of double bonds and FA sn-positions
were known, before being applied the characterisation of unknown lipids within
mixtures. The resulting high energy CID spectra obtained from a synthetic
TG(16:0/18:1/18:0) standard and abundant TG(52:1) lipids in cocoa butter are displayed
in Figure 1.15.
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(a)

(b)

Figure 1.15: High energy CID spectra of selected [M + Na]+ adducted ions of (a)
synthetic TG(16:0/18:1/18:0) standard and (b) TG(52:1) in cocoa butter.
Table 1.2: Structure of A, B, C, D, E, F, G and J-type product ions from high energy
CID of triacylglycerol [M + Na]+ precursor ion (adapted from reference91).
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The high m/z region of the CID spectra is dominated by abundant ions arising
from charge-remote fragmentation of the fatty acid substituents. The proposed
fragmentation mechanism for product ions in the low m/z range allows for the
identification of either the sn-1/sn-3 substituents (E-, F-, and G-type ions indicated in
Figure 1.15 and Table 1.2) or the sn-2 substituent (J-type ion). The limitation of this
technique arises from (i) the wide ion gate (i.e., 4 Da) for mass selection of precursor
ion, thus it cannot individually analyse TG molecules differing by one double bond (i.e.,
mass difference of 2 Da) and (ii) the low abundance of characteristic ions that allow for
the determination of fatty acid substituent positional isomers present in the sample.

Ion-molecule reactions

Ion-molecule reactions have been explored as an alternative to CID for molecular
structure elucidation. Early investigations by Cole et al. exploited the reaction between
protonated phospholipids and ethyl vinyl ether in the collision cell of a triple quadrupole
mass spectrometer.92 Therein it was shown that reaction occurs at the lipid head-group
yielding a series of unique products that can discriminate different classes of GP. These
selective chemistries were then deployed in neutral loss and neutral gain spectra that were
demonstrated to complement each other in assignment of various phospholipid classes.
Another well-established method using ion-molecule reaction is covalent adduct
chemical ionisation (CACI).93 In this approach, chemical ionisation of acetonitrile leads
to formation of (1-methyleneimino)-1-ethylium (MIE) [CH2=N=C=CH2]+ cations that
undergo selective adduction to unsaturated lipid molecules, forming [M+54]+ ions.
Subsequent CID on the adduct ion provides diagnostic fragment ions for identifying the
position of the double bond. This method has been demonstrated for structure
identification of fatty acid methyl esters (FAME)93 and triacylglycerols (TG).94 The
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latter is performed using atmospheric pressure chemical ionisation (APCI) to enhance
the volatilisation of TG molecules. Resulting MS3 spectra acquired on m/z 318
generated from the CID of [M + 54]+ ions of two double bond positional isomers of TG
are shown in Figure 1.16. The unique fragmentation patterns in the spectra shown in
Figure 1.16 result from the cleavage of allylic carbon-carbon bonds on the methyl side
(α-) or carbonyl side (ω-) of the double bond position.

Figure 1.16: CACI-MS3 spectra acquired for m/z 318 product ion generated from CID
of [M + 54]+ precursor ions for two synthetic TG standards (A) TG(16:0/9Z-18:1/9Z18:1) and (B) TG(16:0/11Z-18:1/11Z-18:1) (adapted from reference94).
The odd masses, which are noted on the structure above each MS3 spectrum,
were calculated from simple homolytic bond cleavage. However, it was shown that the
α- ions appeared 1 Da higher and the ω- ions appeared 1 Da lower than those expected
masses, due to the formation of even-electron product ions (i.e., with even masses)
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rather than radical ions (i.e., with odd masses). These major product ions were
diagnostic for the location of the double bond in an unsaturated acyl chain. However,
unlike Cole and Enke’s work, employing the reaction with a neutral gas within the
collision cell,92 CACI uses a reagent ion and thus requires a gas phase neutral lipid as a
reaction partner. This can be achieved with FAME and TG under CI and APCI
conditions, respectively. Nevertheless, the method is limited in analysing GP as they
lack the required volatility and thermostability to be analysed in this way. Thus ionmolecule reactions exploiting ionised lipids and neutral reagent would be more widely
applicable.
An ion-molecule activation method has been developed in our laboratory,
termed as ozone-induced dissociation (OzID), for integration with shotgun lipidomics
protocols.95,96 In this method, complex lipid precursor ions are generated by ESI,
isolated by mass-selection in an ion-trap mass spectrometer, and then allowed to react
with ozone in the gas phase. OzID has been demonstrated to successfully determine
double bond positions of intact lipids in complex mixtures and provides readily
interpretable data. This approach will be described in detail in section 1.4.1.

Ion-electron reactions

Electron-capture dissociation (ECD) has been developed for applications in the
proteomics field. Initial experiments used very low energy electrons (< 0.2 eV) to drive
the non-ergodic dissociation of multiply protonated peptides97 and this process was
demonstrated to occur after single electron capture.98,99 An examination of the
application of ECD to lipidomics was conducted by James et al.100 for divalent metal
adducted phospholipids, i.e., [GP + metal]2+. This study was able to identify ECD
product ions related to head-group class and fatty acid composition but the abundances
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of ions associated with sn-position of the acyl chain on the glycerol backbone were
found to be metal-dependent.
Electron-induced dissociation (EID) is an alternative method for activation of
ionised lipids and has the advantage that it does not require multiply charged ions.101
This technique works by directing an electron beam of ~10 eV towards the lipid ions
and achieves similar radical-driven fragmentation patterns as to those observed in
traditional electron ionisation (EI) spectra.101,102 EID has been shown to induce chargeremote fragmentation of fatty acids with various metal ions attached. EID of manganese
adduct ions [M – H + Mn]+ show the best correlation between the trend of product ion
abundances and the positions of double bonds within unsaturated FA chains.103
Example of EID data is displayed in Figure 1.17 from Mn(II)-adducted ions of
arachidonic acid FA(5Z,8Z,11Z,14Z-20:4) and linolenic acid FA(9Z,12Z,15Z-18:3).

Figure 1.17: Normalised abundances of EID product ions from Mn(II)-adducted fatty
acids for (a) arachidonic acid FA(5Z,8Z,11Z,14Z-20:4) and (b) linolenic acid
FA(9Z,12Z,15Z-18:3) (Figure adapted from reference103).
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The significant reduction in normalised abundances of product ions occurring at
each double bond is diagnostic for the unsaturated location (Figure 1.17). However, the
relatively high energy of the electron beam in the interaction with lipids increases the
spectral complexity in EID and limits the application for complex lipids.
Ion-ion reactions

Electron-transfer dissociation (ETD) is conducted by employing an ion-ion
reaction to transfer an electron between a reagent ion and a multiply charged precursor
ion.104 To apply ETD in the characterisation of lipid structures, Liang et al.
implemented an ion-ion reaction between doubly sodiated phosphocholine [M + 2Na]2+
and the azobenzene radical anion [C6H5–N=N–C6H5]– in a linear ion-trap mass
spectrometer as shown in Figure 1.18.105

Figure 1.18: ETD spectrum resulting from ion-ion reaction between [M + 2Na]2+ and
azobenzene radical anion where M is PC(18:0/20:4) (adapted from reference105).
The main reaction products observed in Figure 1.18 arise from three sources of
reaction: (i) sodium transfer from the doubly sodiated [M + 2Na]2+ to the azobenzene
anion to form [M + Na]+ m/z 832 ion; (ii) complex formation of [M + 2Na +
azobenzene]+• m/z 1037 ion; and (iii) electron-transfer from the azobenzene anion to [M
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+ 2Na]2+ to produce [M + 2Na]+• radical ion seen at m/z 855. The losses of 15 Da and 59
Da are diagnostic for the choline head-group class, while the losses of 287 Da and 267
Da from [M + 2Na]+• radical ion correspond to neutral losses of the respective
hydrocarbon chains in 20:4 and 18:0 constituents in the form of an acyl radical [RC=O•]
(indicated as product ions 1 and 2 in Figure 1.18). Although this examination displays
the possibility of ETD in characterisation of lipid molecules, it results in similar
fragment ions to those achieved from conventional CID. The preliminary data
interpretation only provide carbon number and degree of unsaturation on each acyl chain
constituent in the targeted PC but very little information on other structural features, such
as double bond or sn-position of the fatty acyl chains on the glycerol backbone.

Photodissociation (PD)

Ultraviolet

photodissociation

(UVPD)106,107

and

infrared

multi-photon

dissociation (IRMPD)108 are also deployed as alternative activation methods of
biomolecular compounds. Absorption of a photon (or photons) can promote the
molecule to an excited state where a direct dissociation is possible.109 Devakumar and
co-workers110 described an UVPD experiment exposing leukotriene lipids (LTC4
structure shown in Figure 1.19(a)) to a 157 nm laser in an ion-trap mass spectrometer.
The resulting UVPD spectrum is shown in Figure 1.19(c) where it can be compared to a
conventional CID mass spectrum in Figure 1.19(b).
Both CID and PD spectra can differentiate isomeric leukotriene lipids due to the
diagnostic product ions for the C−S bonding position, e.g., CID-generated m/z 189 and 510
ions and PD-generated m/z 189 and 509 ions, which are marked with the asterisk () in
Figure 1.19. The magnification shown in Figure 1.19 (b) and (c) indicates about 30 times
greater sensitivity of PD in generating these diagnostic ions. Based on this preliminary
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data, PD shows promise for efficiently inducing homolytic cleavage of chemical bonds
and producing radical ions for identification of particular structural motifs.111

(a) LTC4 (5,6)
isomer

(b) CID

*

*

*

(c) UVPD

*

Figure 1.19: (a) Structure of LTC4 (5,6) isomer, (b) CID spectrum and (c) 157 nm
UVPD spectrum of protonated precursor ion [M + H]+ at m/z 626 (adapted from ref110).
PD has not been applied in lipidomics as widely as in proteomics because of the
poor absorption of common lipids at visible and ultraviolet wavelengths. Moreover, the
UVPD experiment described here used a 157 nm laser, which requires specialised
vacuum coupling between the mass spectrometry and laser. Also, laser-induced
dissociation at these short wavelengths results in extensive and non-selective
fragmentation and thus complex spectra.
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1.4 Developments in mass spectrometry for differentiation of lipid isomers
1.4.1 MS methods for differentiation of double bond positional isomers
Developments in analytical technologies for the identification of double bond
position in unsaturated lipids have been recently reviewed.37 Several mass spectrometric
methods have emerged for the determination of double bond position but generally
require either specialised instrumentation that is no longer commercially available (e.g.,
multi-sector mass spectrometers)112 or derivatisation prior to the analysis.113 One example
of the latter is to convert olefinic bonds to secondary ozonides which can then undergo
ionisation in either positive or negative ion mode ESI. Subsequent CID yields
diagnostic products that allow the determination of double bond position(s).113,114 In the
same manner, Moe et al. pre-treated phospholipids and free fatty acids with osmium
tetroxide (OsO4) prior to ESI-MS/MS analysis.115 This method derivatised double bonds
to vicinal diols, which are readily cleaved upon CID, enabling identification of double
bond position. Alternatively, Brenna and Xu developed a method using on-line
derivatisation known as CACI,93,94 which has been discussed in detail in Section 1.3.3.
While this method offers much promise and is now being used by a number of
groups,116,117 there are still some limitations, namely: (i) most modern lipid analyses
utilise ESI rather than chemical ionisation or APCI as required for CACI and (ii) sample
purification and derivatisation (e.g., GC or LC) is required prior to MS analysis. In high
throughput lipidomics, derivatisation is often undesirable due to the loss in experimental
speed and the increase in sample complexity.
Recently our group (Mass Spectrometry Research Laboratory, University of
Wollongong) has introduced ozone-induced dissociation (OzID) to characterise lipid
ions. This method employs ozonolysis that occurs specifically at each double bond
location in unsaturated lipids, to produce a pair of fragment ions separated by 16 Da.
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These fragment ions are assigned as aldehyde and Criegee ions. Shown in Figure
1.20(a) is an OzID spectrum obtained from [PC(34:1) + Na]+ (m/z 782) isolated within
the ion trap following ESI of a cow brain extract.
(a)

(b)

Figure 1.20: (a) OzID spectrum of the phosphatidylcholine sodium adducted ion
[PC(34:1) + Na]+ at m/z 782 isolated from a cow brain extract. (b) The proposed
mechanism for the gas-phase ozonolysis reaction of the precursor ion m/z 782 for
[PC(16:0/9Z-18:1) + Na]+ (scheme adapted from reference95).
Four OzID product ions can be seen, including a pair at m/z 672 and 688,
corresponding to neutral losses of 110 and 94 Da, respectively. These ions are
diagnostic for an n-9 double bond and the mechanism for ozonolysis at this position is
illustrated in Figure 1.20(b).95 An understanding of the ozonolysis chemistry allows one
39

INTRODUCTION
to predict the neutral losses arising in OzID at any position of unsaturation and
predicted losses are listed in Table 1.2. The appearance of another product ion pair, also
separated by 16 Da, at m/z 700 and 716 in Figure 1.20(a), corresponding to neutral loss
of 82 Da and 66 Da, is evidenced for the presence of an n-7 double bond positional
isomer (Table 1.3). Other minor product ions in Figure 1.20(a) are observed at m/z 629,
657 and are assigned to trimethylamine N(CH3)3 loss (-59 Da) from the two Criegee
ions at m/z 688, 716, respectively.
Table 1.3: Predicted neutral losses (or gains) for OzID product ions as a function of
position and degree of unsaturation in organic molecules (adapted from reference38).

By combining OzID results with CID data indicating 16:0 and 18:1 FA
composition, four possible molecular structures could contribute to the m/z 782 ion
population detected in the ESI-MS spectrum of cow brain extract.96 It is noted that the
sn-position of 18:1 and 16:0 acyl chain on the glycerol backbone is not assigned by

OzID alone, and furthermore no relationship between sn-position and isomeric 18:1
chains can be established, i.e., whether 18:1 n-7 is preferentially bound at sn-1 or sn-2.
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1.4.2 MS methods for differentiation of sn-positional isomers
Several mass spectrometric methods have been developed to determine the
relative fatty acid positions on the glycerol backbone of glycerolipids.54,118-121 Early
research suggested that the ratio of the sn-1 and sn-2 carboxylate anions formed in the
negative fast-atom bombardment (FAB) spectra can be used to estimate the relative
percentages of of sn-positional isomers in mixtures.122,123 However, those ratios are not
only highly dependent on collision energy but also affected by the head-group class, the
fatty acid chain lengths and the degrees of unsaturation.124,125 Thus while this approach
can provide a useful guide as to the most abundant isomer present, it is unable to
accurately measure the relative percentages of sn-positional isomers, or even rigorously
exclude the presence of a less abundant isomer.
A study conducted by Ekroos et al. used ESI-MS/MS (i.e., CID) on [M + Cl]- or
[M + CH3CO2]- ions of two sn-positional PC isomers to form the demethylated
phosphocholine.126 Subsequent activation of these [M - 15]- product ions (i.e., MS3)
yielded neutral losses of the fatty acyl substituents as both intact fatty acids (RCO2H)
and related ketenes (R'CHCO). This experiment used mixtures of PC(16:0/18:1) and
PC(18:1/16:0) to show that the fatty ketene losses observed in MS3 spectra (i.e.,
formation of m/z 506 and 480 ions) are sn-position dependent processes. Specifically,
the ketene loss was found to occur almost exclusively from the sn-2 position. A series
of standard mixtures containing PC(16:0/18:1) and PC(18:1/16:0) were examined by
this MS3 approach and also independently assessed by PLA2 enzymatic assays. For
instance, MS3 spectra in negative ion mode for PC(16:0/18:1) and PC(18:1/16:0) are
displayed in Figure 1.21.
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(a)

(b)

Figure 1.21: MS3 spectra of CID-generated anion [M-15]- at m/z 744 resulted from two
synthetic PC standards (a) PC(16:0/18:1) and (b) PC(18:1/16:0) (adapted from ref126).
The normalised abundance of m/z 480 as a fraction of m/z 480 and 506 ion
abundances seen in Figure 1.21 was plotted against the fraction of PC(16:0/18:1)
calculated from PLA2 data. It was demonstrated that even synthetic phospholipids
contained significant impurities (10-20%) from the alternative sn-regioisomer.126 This
data was also used to establish a standard curve and allowed for quantitative analysis of
sn-regioisomers of PC(34:1) in a canine kidney extract.126 However, the low abundance

of the diagnostic fragment ions is a drawback of this method. In addition, it has only
been demonstrated for PC species and therefore similarly robust methods for other GP
classes are required.
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1.4.3 MS methods for differentiation of branching positional isomers
Electron ionisation (EI) is routinely applied to FAME to generate radical cations
M+ and from mass-to-charge ratios determine carbon chain length and degree of
unsaturation. However, the high energy bombardment (i.e., ~70 eV) used in EI usually
results in mass spectra with a base peak at m/z 74 ion arising from the McLafferty
rearrangement.102,127 In addition, EI is ineffective in examining other important carbon
chain features, such as unsaturation within acyl chains, because of the double bond
migration.127 Therefore the identification of double bond and branching positions relies
on chromatographic (i.e., retention times) rather than mass spectral data.
Zirrolli and Murphy developed a method called EI-CID to gently activate radical
precursor ions of saturated FAME generated in EI by low energy collisional activation.
This study showed that tandem mass spectrometry employing low collision energy (e.g.,
5 eV) yielded a series of alkyl radical neutral losses from cleavage of multiple C-C
bonds. Branched and non-branched acyl chains were distinguishable due to selective
fragmentation and specific product ion patterns occurring at various branching points.128
It was reported that when the acyl chains are branched, the cleavage of C-C bonds was
driven specifically at branching point(s). The unique patterns of fragment ions
associated with the branching points on methyl branched acyl chains can be seen in
Figure 1.22.
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(a)

(b)

(c)

Figure 1.22: EI-CID spectra of (a) FAME(iso-16:0) m/z 270, (b) FAME(anteiso-16:0)
m/z 270 and (c) FAME(br-20:0) m/z 326 (Figure adapted from reference128).

This low energy EI-CID method enables the classification of saturated branched
acyl chains based on the specificity of radical fragmentation (Figure 1.22). However, it
has a limitation in identifying branching points close to the methyl ester head group. For
example, the m/z 101 ion expected to arise from dissociation at C3 is of diminishingly
low abundance in Figure 1.22(c). This work has been followed by other groups for
structural characterisation of a number saturated branched FAME.129 Nevertheless, it is
again limited to lipids amenable to EI that is they must be volatile. Thus methods where
radical ions can be generated from even-electron ESI ions might have promise in
characterisation for a wider range of lipids.
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1.5 Thesis overview
The following chapters will describe the experimental investigation and
development of mass spectrometry-based ion activation methods. It focuses on the
differentiation of isomeric lipids specifically those that differ in (i) double bond position,
(ii) sn-position of FA on the glycerol backbone and (iii) branching acyl chain motifs.

Chapter 2 introduces an important design modification in the implementation OzID.
The design couples online ozone generation with both a triple quadrupole geometry
and single stage ion-trap mass spectrometer, enabling robust ozonolysis rate
measurements via stabilisation of ozone concentration. OzID of conjugated lipids is
investigated for the first time and reveals significant increases in reaction rates, in
comparison to non-conjugated structural isomers, and a formation of a characteristic
odd-electron product ion. Such analyses identify the presence of conjugated double
bonds in lipids extracted from selected food-stuffs. Also, by benchmarking of the
absolute ozone concentration inside the ion-trap, second order rate constants for the
gas phase reactions between unsaturated lipid ions and ozone were obtained. These
results demonstrate a significant influence of the adducting metal on reaction rate
constants in the fashion Li+ > Na+ > K+.
Chapter 3 describes an efficient method combining CID with OzID in tandem (i.e.,
CID/OzID) on a linear ion-trap mass spectrometer for structural elucidation of snpositional isomeric glycerophospholipids and triacylglycerols. The location of double
bonds within unsaturated fatty acid esterified at sn-1 and sn-2 are specified by
CID/OzID2 and (CID/OzID)2 sequences, respectively. This chapter also investigates the
chemical mechanism through which this sensitive method can successfully identify
individual regioisomers.
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Chapter 4 presents a novel application of radical-directed dissociation (RDD) in
structure identification of isomeric complex lipids. The RDD approach is implemented
by using bi-functional molecules that contain a photo-caged radical initiator and a lipidadducting group. Non-covalent complexes between lipids and the adducting radical
initiator are formed during the ESI without sample pre-treatment. UV laser irradiation
of the complexes liberates a highly reactive phenyl radical from the suitably-chosen
initiator and subsequent activation of nascent radical ions result in RDD with significant
intra-chain fragmentation of acyl moieties. The application provides diagnostic
fragments that are associated with the double bond positions and the positions of chainbranching in glycerophospholipids, sphingomyelins and triacylglycerols. RDD is
demonstrated for well-defined lipid standards and also reveals lipid structural diversity
in olive oil and human very-low density lipoprotein.
Chapter 5 proposes an alternative RDD approach to produce lipid radicals for richstructural radical-directed dissociation. The proposed approach is conducted by
covalently attaching an UV-labile group to the targeted lipids via chemical
derivatisation. Both PD and RDD reveal highly sensitive and selective fragmentation
that can successfully differentiate isomeric fatty acids differing only in location of
unsaturation, chain-branching and hydroxylation.
Chapter 6 summarises the main findings from this thesis and describes how the
methods developed herein contribute to the aim of complete structural elucidation of
lipids by mass spectrometry-based methods alone, i.e., comprehensive top-down
lipidomics.
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CHAPTER 2
Ozone-Induced Dissociation of Conjugated
Lipids Reveals Reaction Rate Enhancements
and Characteristic Odd-electron Product Ions

(This work has been published in the Journal of the American Society for Mass
Spectrometry:
Pham, H.T., A. Maccarone, J.L. Campbell, T.W. Mitchell and S.J. Blanksby, OzoneInduced Dissociation of Conjugated Lipids Reveals Significant Reaction Rate
Enhancements and Characteristic Odd-electron Product Ions. J. Am. Soc. Mass

Spectrom., 2013.24(2): pp. 286-296)
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2.1 Introduction
While unsaturated lipids containing conjugated carbon-carbon double bonds are
less common in nature than non-conjugated variants, they are known to have special
functionality in plants and animals.130,131 One of the better known classes of conjugated
lipids are conjugated linoleic acids (CLA), which are octadecadienoic acids (18:2)
containing two carbon-carbon double bonds in conjugation. CLA are reported to have
beneficial impact on human health, such as reducing obesity rates and inhibiting cancer
growth, and as result their dietary intake has become a subject of some interest.132-134
The richest naturally occurring dietary sources of CLA are from ruminant animals, most
notably beef and dairy products.135,136 In the case of organic beef, the non-conjugated
isomers are reported to be approximately 25 times more abundant than certain CLA
isomers.137 Synthetic CLA have also emerged as common dietary supplements and are
manufactured from non-conjugated linoleic acids138,139 – present at high abundance in
common vegetable oils such as soybean and safflower – by iodine catalysed UV
photoisomerisation.140
Importantly, the biological functionality of CLA has been demonstrated to be
isomer specific.34 Prior work on the effects of CLA also suggests that each isomer has
distinct impact on adipogenesis and lipid metabolism.31,33 Such divergent physiological
properties of these isomeric fatty acids is perhaps not surprising given the differences in
molecular structure brought about by the position and stereochemistry of the double
bonds. Indeed, the difference in geometrical and positional arrangements of the
conjugated double-bond system has been implicated in the preferential oxidation of
CLA(10E,12Z) in the mitochondrion, leading to preferential accumulation in lipid
tissues of the CLA(9Z,11E) isomer.141,142 Such observations are a part of a broader
picture, where seemingly minor disturbances in lipids at the molecular level (for
48

OZID OF CONJUGATED LIPIDS
instance, double bond location) are associated with changes in metabolism that may
lead to disease.37,68,76
Owing to these important findings, there is a need for further examination of the
amount and isomer-specific makeup of CLA in natural and synthetic sources. Such
analyses present significant challenges in: (i) the unambiguous identification of lipids,
in particular the characterisation of distinct isomers differing only in double bond
position and/or stereochemistry and (ii) the detection and ultimately the quantification
of low abundant - but nonetheless bioactive - lipids in the presence of more ubiquitous
isomeric variants. To address these challenges, fatty acyl components are typically
liberated from complex lipids by hydrolysis, derivatised to fatty acid methyl esters
(FAME) and subjected to separation by gas chromatography (GC) or high performance
liquid chromatography (HPLC). Such chromatographic approaches provide effective
separation of fatty acid isomers, including double-bond positional and geometric
isomers.39,40 Unfortunately, the identification of specific isomers relies on comparison
of retention times with standard reference compounds. For example, Park and coworkers needed to synthesise standards of conjugated eicosadienoic acid to confirm the
chemical carrier of peaks in the GC/MS spectrum from a mouse liver extract.143
Alternatively, an offline chemical derivatisation of the conjugated diene itself can
facilitate the assignment of double-bond location in unsaturated lipids. This can include
solution-based methods (e.g., using Diels-Alder reactions)144 or even gas-phase
derivatisations. An example of the latter is, covalent adduct chemical ionisation tandem
mass spectrometry (CACI-MS/MS).94 In CACI-MS/MS, gas phase ion-molecule
reactions between unsaturated lipids and a selective reagent ion produce adducts in the
chemical ionisation (or atmospheric pressure chemical ionisation) source of the mass
spectrometer. Subsequent collision-induced dissociation (CID) of these adducts
produces diagnostic and predictable product ions that can be used to localise double
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bond position(s). This approach has been combined with chromatography to effect the
separation and identification of polyunsaturated FAME derived from a range of
isomeric linoleic and linolenic acids.145 Intriguingly, Brenna and co-workers found
distinctive behavior for FAME bearing conjugated dienes, noting that the appearance of
diagnostic α-and ω-product ions strongly depended on the geometry (i.e., cis and trans)
of the double bonds.145
Ozone-induced dissociation (OzID) is another technique that takes advantage of
selective gas phase ion-activation for the characterisation of unsaturated lipid isomers.
OzID utilises the chemically selective reaction between ozone and carbon-carbon
double bonds to identify both the degree and position(s) of unsaturation in individual,
intact lipid ions inside the mass spectrometer.95 While CACI-MS/MS relies on an insource chemical modification of lipid molecules prior to any mass selection, OzID
begins with the conventional electrospray ionisation (ESI) of lipids that are then massselected before undergoing ion-molecule reactions with ozone. This technique has been
used to identify isomeric lipids differing in double-bond position from complex
biological extracts, including the human lens,64 olive oil,95 and cow brain.96 Here, we
demonstrate, for the first time, the effectiveness of OzID for the analysis of conjugated
lipids and report a remarkable enhancement in the rate of the ion-molecule reaction in
the presence of this bonding motif. In addition, when FAME of conjugated linoleic
acids are ionised and allowed to react with ozone inside an ion trap mass spectrometer,
distinctive odd-electron product ions are observed that are diagnostic for the presence
and position of the conjugation in the lipid. This combination of fast reaction rates and
characteristic OzID ions allows for the facile detection and identification of CLA in
foodstuffs without prior fractionation despite the presence of abundant non-conjugated
variants.
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2.2 Experimental Methods
2.2.1 Materials
Four isomers of linoleic acid methyl ester were purchased from Nu-Chek Prep
(Elysian, Minnesota, USA): FA(9Z,11E-18:2), FA(10E,12Z-18:2), FA(9Z,12Z-18:2)
and FA(9E,12E-18:2). Potassium acetate, sodium acetate, lithium acetate and a 10%
solution of boron trifluoride in methanol were purchased from Sigma-Aldrich (Castle
Hill, NSW, Australia). All solvents (HPLC grade) were purchased from Ajax Finechem
(Sydney, NSW, Australia) and were used without further purification. Extra virgin
safflower oil was purchased from Proteco (Kingaroy, Queensland, Australia) and CLA
dietary supplements (NOW Foods, Bloomingdale, Illinois, USA) were purchased from a
local healthfood store. The supplement packaging indicates that each 800 mg capsule
contains 740 mg of CLA including both the (9Z,11E) and (10E,12Z) isomers. Where the
position and stereochemistry of the double bonds within a lipid are both defined, we adopt
the recommended nomenclature, e.g., (9Z,11E) in which positions of unsaturation are
indicated by the number of carbon–carbon bonds from the carboxylate moiety, and Z (cis)
and E (trans) indicate the stereochemistry.26,146 However, in some instances, we employ
the traditional “n-x” nomenclature where “n” refers to the number of carbon atoms in
the chain and subtracting “x” provides the location of the double bond; for example,
18:2(9Z,11E) becomes 18:2(n-9,n-7), noting that the latter does not define the
stereochemistry. This nomenclature is instructive for OzID analysis as the observed
neutral losses are common to all lipids with double bonds in the same position relative
to the methyl carbon on the acyl chain.
Solutions of the four FAME standards were prepared in methanol at
concentrations of 20 µM, followed by addition of potassium, sodium, or lithium acetate
(in methanol) to yield a final alkali metal ion concentration of 50 µM. These dopants aid
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in the formation of metal-adducted ions during ESI. Approximately 20 mg of each of
the safflower oil and the CLA dietary supplements were dissolved in 1 mL of a 10%
BF3 in methanol at room temperature and stirred for 20 minutes. Water (0.5 mL) and
pentane (1 mL) were then sequentially added to the solution, followed by separation of
the organic layer that contained the extracted FAME at a concentration of ca. 70 mM.
This solution was diluted to 35 µM with methanol before doping with the appropriate
alkali metal salt.

2.2.2 Instrumentation
Two OzID-equipped mass spectrometers were employed to analyse the lipid
samples. The first was a modified Thermo Fisher Scientific LTQ single stage linear iontrap mass spectrometer (San Jose, CA, USA). Modifications to allow the observation of
ion-molecule reactions, including OzID, have been described in detail previously.95
Sample solutions were directly infused and ionised via the ESI source with conditions
as follows: sample flow rate 5 µL/min; source voltage 4 kV; tube lens voltage 78 V; and
capillary voltage 21 V. Capillary temperature was maintained at 200°C and nitrogen
served as the sheath, auxiliary and sweep gases. Ozone was generated by an offline HC30 ozone generator (Ozone Solutions, Sioux Center, Iowa, USA) and was collected in a
10 mL disposable, ozone-resistant plastic syringe (Livingstone). Ozone was introduced
by attaching the syringe to a PEEKsil tubing restrictor (100 mm L x 1/16” OD x 0.025
mm ID, SGE) connected to the helium supply line downstream of the metering flow
valve. Backing pressure was applied to the syringe using a syringe pump set to 25
μL/min. Instrument modifications by-pass the helium splitter and the helium flow rate
was manually adjusted using a metering flow valve (Granville-Phillips) so that the ion
gauge pressure read approximately 0.8 × 10-5 Torr corresponding to an estimated total
pressure of 2.5 mTorr within the ion trap. OzID spectra were acquired with the collision
52

OZID OF CONJUGATED LIPIDS
energy set to 0, the isolation width set between 2 and 5 Da, and activation times between
0.01 and 10 s. MS3 experiments were performed whereby OzID product ions were reisolated and subjected to collision-induced dissociation (OzID/CID) or further OzID
(OzID/OzID). In the former case, the collision energy was set to 20-22 (arbitrary units).
The second instrument employed was an AB SCIEX QTRAP2000 tandem linear
ion-trap mass spectrometer (Concord, ON, Canada) that has been previously modified
to incorporate ozone generated online by a model Atlas ozone generator (Absolute
Ozone, Alberta, Canada).96 Ions were generated by direct infusion ESI with nitrogen as
the nebulising gas, and optimised source parameters as follows: ionspray voltage 4.5
kV; declustering potential 60 V; and entrance potential 10 V. Typical OzID
experimental conditions set the oxygen flow rate through the generator to 250 mL/min
with the ozone generator power output at 40% to obtain approximately 180 g/Nm3 of
ozone (8.4% v/v) as measured immediately downstream of the generator using a MiniHiCon ozone monitor (IN USA, Norwood, MA, USA). The gas flow from the generator
was split with the majority passed through an ozone destruct catalyst (IN USA,
Norwood, MA, USA). High-concentration ozone (in oxygen), controlled by a variable
leak valve (VSE Vacuum Technology, Lustenau, Austria), was mixed with the collision
gas (nitrogen) supply prior to entering q2. OzID spectra were acquired by first massselecting precursor ions using Q1, which were subsequently injected into q2 (collision
energy set to 12 eV). Ions were accumulated in q2 for 50 ms after which time these ions
were trapped in q2 for varying reaction times (0.01 to 10 s). Product ions were then
transferred to the linear ion trap (Q3) and cooled prior to mass analysis. Neutral loss
mass spectra were obtained using the same ozone conditions described above. Default
neutral loss settings provided by the Analyst control software (Version 1.5, AB SCIEX,
Concord, ON, Canada) were employed for this experiment with collision energy of 15
eV. All spectra are reported as an average of 50-100 scans.
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2.3 Results and Discussion
2.3.1 Ozone induced dissociation of conjugated FAME
One of the initial findings of this study was the apparent enhancement of OzID
reaction rates for conjugated FAME over a non-conjugated analogue. For example,
Figure 2.1 shows OzID spectra acquired for the sodium adduct ions formed from
representative conjugated and non-conjugated FAME isomers on the single-stage LTQ
mass spectrometer. The [M + Na]+ precursor ions can be observed at m/z 317 for all
three isomers along with distinctive product ions in each case. Given that all three
spectra were acquired under identical conditions, a striking feature emerges with the
high abundance of OzID products ions present in Figures 2.1(a) and (b) relative to those
in Figure 2.1(c). This suggests that the reaction of the conjugated isomers with ozone is
substantially faster, with approximately 50% of the precursor ions converted to
ozonolysis products within a reaction time of only 0.5 s. In contrast, the non-conjugated
FAME(9Z,12Z-18:2) displays ca. 5% conversion even after a 10 s reaction time, which
is similar in efficiency to previous observations of OzID on monounsaturated lipids.95
These qualitative trends suggest dramatic enhancements in reaction efficiency for
conjugated over non-conjugated species that are quantified in section 2.3.3.
The spectrum obtained from sodium adduct of FAME(9Z,11E-18:2) (Figure 2.1a)
shows product ions at m/z 235 and 209 that are assigned as the aldehydes expected from
oxidative cleavage of the n-7 (-82 Da) and n-9 (-108 Da) double bonds, respectively.
These assignments are based on a mechanistic understanding of the reaction of ozone
with olefins and can be used to predict neutral losses arising from different double-bond
positions in any unsaturated lipid.38 This reaction pathway is depicted for the
[FAME(9Z,11E-18:2) + Na]+ cation in Figure 2.1(a). By extension, neutral losses of 68
and 94 Da are predicted to occur during OzID of the alternative conjugated isomer
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FAME(10E,12Z-18:2); indeed, the corresponding ions are observed at m/z 249 and 223
in Figure 2.1(b).

Figure 2.1: OzID spectra acquired for sodium adducts of three FAME(18:2) isomers (a)
conjugated [FAME(9Z,11E-18:2) + Na]+ for 0.5 s reaction time, (b) conjugated
[FAME(10E,12Z-18:2) + Na]+ for 0.5 s reaction time and (c) non-conjugated
[FAME(9Z,12Z-18:2) + Na]+ for 10 s reaction time. Peaks with an even m/z correspond
to radical cations formed from conjugated FAME and are marked with an asterisk ().
The presence of the m/z 235 product ion – nominally diagnostic of the double
bond at the n-7 position – in the OzID spectrum of (10E,12Z) FAME is unexpected
(Figure 2.1b). Independent GC analysis (see Supporting Information, Figure S2.1),
confirms the presence of a trace amount of (9Z,11E) isomer in this sample. Hence, this
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feature is assigned as arising from ozonolysis of this contaminant. For the nonconjugated (9Z,12Z) FAME, product ions are found at m/z 249 and 209 and match the
neutral losses of 68 and 108 Da, respectively, arising from oxidation at the expected
double-bond positions (illustrated in Figure 2.1(c)). Overall, OzID of each of the three
linoleic acid isomers yields not only distinctive spectra but, importantly, product ions
indicative of double-bond position, allowing unambiguous identification in each case.
More significantly, these data demonstrate that the central capability of OzID (i.e., to
assign double-bond position) is unaffected by the presence of conjugated double-bond
motifs and may even be enhanced during the analysis of this class of lipid.
Although aldehyde product ions are observed from the oxidation of each double
bond in all three FAME isomers, the corresponding Criegee ions are notably absent
from the spectra in Figure 2.1. These ions would be expected to appear 16 Da above the
corresponding aldehyde and have been consistently observed in OzID analyses of a
structurally diverse array of unsaturated lipids.95,96 The absence of Criegee ions for
cationised FAME does not diminish the structure elucidation ability of OzID in this
instance: the aldehyde ions alone can be used for the assignment of double-bond
position. However, this subtle difference between OzID spectra of [FAME + Na]+ ions
and those of other unsaturated lipids - including the [M - H + 2Na]+ ions of analogous
free fatty acids - is evidence of different product branching ratios in the ozonolysis
reaction. In particular it highlights the influence of both (i) the number and type of metal
ion(s) and (ii) the nature and position of other functional groups present in the lipid
(e.g., carboxylic acid versus methyl ester moieties), in influencing the product ion
distribution. In other words, the depiction of ozonolysis occurring at a remote double
bond and uninfluenced by the head-group and the charge (cf. schemes in Figure 2.1) is
an oversimplification and the three-dimensional gas phase structure of the ionised lipid
is likely critical in controlling product branching ratios and reaction rates.
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2.3.2 Characterisation of odd-electron product ions
Another striking difference between the OzID spectra of the conjugated FAME
and the non-conjugated isomer is the appearance of an unusual product ion of even
m/z that is exclusive to the conjugated species. For example, ozonolysis of

[FAME(9Z,11E-18:2) + Na]+ gives rise to the prominent peak at m/z 248,
corresponding to a neutral loss of 69 Da from the precursor ion (marked with an
asterisk () in Figure 2.1a). Similarly, a peak at m/z 262 is observed in the spectrum
of the (10E,12Z) conjugated isomer (marked with an asterisk () in Figure 2.1b),
representing a 55 Da loss. These even-m/z product ions could be rationalised as either:
(i) radical ions containing sodium; or (ii) even-electron species arising from neutral

loss of the metal. In order to determine which was the case, OzID was performed on
both the potassium and lithium adduct ions of the same suite of FAME isomers.
The [M + K]+ spectra are shown in Figure 2.2 while the analogous [M + Li]+ data
are provided as Supporting Information (Figure S2.2). As expected, the previously
assigned aldehyde ions, arising from ozonolysis at each double bond, are also observed
in Figure 2.2 where they are shifted up by 16 Da from their counterparts in Figure 2.1,
consistent with the mass difference between sodium and potassium. Importantly, the
potassiated ions also undergo neutral losses of 69 and 55 Da from [FAME(9Z,11E-18:2)
+ K]+ and [FAME(10E,12Z-18:2) + K]+, respectively (marked with an asterisk () in
Figure 2.2). The analogous neutral losses are also observed for the lithiated species
(Figure S2.2 of Supplementary Information). These data demonstrate that the even-m/z
product ions observed for conjugated FAME include the adducting metal and thus
represent a characteristic odd-electron species arising from the ozonolysis reaction. This
conclusion is supported by the MS3 spectra shown in Figure 2.3 that were acquired by
subjecting mass-selected OzID product ions to further interrogation by CID on the
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single-stage LTQ. The resulting OzID/CID mass spectra reveal extensive fragmentation
along the hydrocarbon chain reminiscent of the dissociation of radical cations observed
following electron ionisation (EI),102 or EI-CID mass spectrometry.129

Figure 2.2: OzID spectra acquired with a 10 s reaction time in each case for potassium
adducts of the FAME(18:2) isomer precursor ions at m/z 333: (a) conjugated [FAME
(9Z,11E-18:2) + K]+, (b) conjugated [FAME(10E,12Z-18:2) + K]+ and (c) nonconjugated [FAME(9Z,12Z-18:2) + K]+. Peaks with an even mass correspond to radical
cations formed from conjugated FAME and are marked with an asterisk ().
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Figure 2.3: OzID/CID spectra obtained by performing CID on the even-m/z OzID ions
derived from the conjugated isomers (a) [FAME(9Z,11E-18:2) + Na]+ and (b)
[FAME(10E,12Z-18:2) + Na]+. The proposed structures of the radical cations at m/z 248
and 262 ions are drawn above each spectrum.
Potential reaction pathways resulting in odd-electron products from the gas
phase ozonolysis of conjugated FAME are illustrated in Scheme 2.1. While the first step
in this process remains the formation of a primary ozonide, we propose that, in the case
of conjugated double bonds, competition exists in the pathways for dissociation of this
reactive intermediate. That is, dissociation can either proceed via the classical Criegee
pathway or with loss of dioxygen and a hydrocarbon radical. This mechanism is
illustrated for [FAME(9Z,11E-18:2) + Na]+ in Scheme 2.1 where dissociation of the
primary ozonide at the n-7 double bond can lead to formation of the radical ion at m/z
248 by loss of dioxygen and the •C6H13 radical in either a step-wise or concerted
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fashion. Formation of dioxygen in any rearrangement clearly provides a strong
thermodynamic driver and additional evidence for its participation is provided by the
observation of m/z 333 ions in the OzID spectra in Figures 2.1 and 2.2.

Scheme 2.1: Proposed mechanism for the formation of the radical cation (m/z 248)
upon OzID of the conjugated [FAME(9Z,11E-18:2) + Na]+.
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Scheme 2.1 indicates that ejection of dioxygen, alone or coupled with the loss of
the hydrocarbon radical, gives rise to resonance-stabilised radicals and thus accounts
for: (i) the exclusive observation of the radical ion products for conjugated FAME
isomers and (ii) a much greater abundance of the m/z 333 for the conjugated than nonconjugated isomers. The significant resonance stabilisation of the radical ion arising
from dissociation of the n-7 ozonide (with a conjugated π-network that can be
represented as a hybrid of up to three allylic resonance forms147) also accounts for the
absence of an abundant ion arising from the analogous dissociation of an n-9 ozonide.
Production of carbon-centered radials in the ozonolysis of alkenes, as illustrated in
Scheme 2.1, has some precedent in condensed-phase chemistry where, for example,
tert-butyl radicals were detected from the ozonolysis of tert-butyl substituted ethylene

accounting for 10% of the reaction flux.148
Scheme 2.1 depicts two potential structures for product ions arising from neutral
loss of dioxygen from the activated ozonide that could account for the feature seen at
m/z 333 in all three spectra in Figure 2.1. In order to probe the structure of these product

ions, experiments were conducted for both of the conjugated [FAME(18:2) + Na]+
precursor ions where m/z 333 product ions were mass-selected and subsequently
allowed to react further with ozone. The resulting OzID/OzID mass spectra are shown
in Figure 2.4 and display two important features. First, further oxidative cleavage of the
chain is achieved, thus supporting the proposed oxirane structure over the dihydrofuranbased alternative. The second feature reveals the presence of two ozone-derived
aldehydes (e.g., m/z 251 and 209 in Figure 2.4a), thus indicating that epoxides are
formed at both n-7 and n-9 double bond positions (see inset to Figure 2.4).
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Figure 2.4: OzID/OzID spectra acquired with a 10 s reaction time in each case for the
[M + Na + 16]+ ions derived from OzID of the two conjugated isomers (a)
FAME(9Z,11E-18:2) and (b) FAME(10E,12Z-18:2). The two major product ions
marked in each spectrum can be rationalised as aldehydes formed from the OzID of the
putative epoxide structures shown.
Interestingly, the abundance of the ozonolysis products arising from both
[FAME + Na + 16]+ species (Figure 2.4) is remarkably low relative to those from the
corresponding [FAME + Na]+ precursor ions (Figure 2.1), in spite of the much greater
(10 s) reaction time employed for the former case. This comparison stands as an
additional illustration of the influence of double-bond conjugation on reaction rate
where removing one of the two double bonds from the conjugated motif (by blocking
with oxygen) drastically reduces the rate of ozonolysis at the remaining site of
unsaturation. OzID/OzID analysis of lithium adduct ions of the same FAME(18:2)
isomers produces a qualitatively similar decrease in reaction rate (Supporting
Information Figure S2.3).
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2.3.3 Measurement of reaction kinetics
The qualitative analysis discussed above points to a significantly greater OzID
reactivity of conjugated FAME compared to the non-conjugated case. In order to
quantify this, OzID of the metal-adducted FAME standards was conducted using a
modified tandem linear ion-trap mass spectrometer (QTRAP). The online generation of
ozone previously engineered on this instrument provides stable and reproducible ozone
concentrations allowing for reliable pseudo-first-order kinetic measurements to be
conducted.96 Plots showing the change in [FAME(18:2) + X]+ (where X = Li, Na, K)
precursor ion signal as a function of reaction time are provided as Supporting
Information (Figure S2.4) and first-order rate constants calculated from these data are
compiled in Table 2.1. Comparing the kinetics of [M + Na]+ ions formed from (9Z,11E)
and (9Z,12Z) isomers shows a remarkable 220-fold increase in rate constant in favor of
the conjugated isomer. Similar trends were observed for potassiated ions (i.e., 80-fold
increase) while the lithiated analogues of the two conjugated FAME reacted too swiftly
for reliable measurement of the reaction rate constant. Even when compared to the
(9E,12E) isomer - the faster of the two non-conjugated isomers - the slowest conjugated
FAME returns a rate constant some 25-times greater for a given metal adduct.
Previously measured ozonolysis rate constants for neutral dienes also show a kinetic
advantage for conjugated over non-conjugated analogues, but the magnitude of the
enhancement is only modest. For example, the rate constant merely doubles when
comparing non-conjugated 1,4-pentadiene with conjugated 1,3-pentadiene.149,150 The
data in Table 2.1 also quantify the impact of double-bond geometry on ozonolysis
reaction rates and are consistent with qualitative trends previously reported for OzID on
stereoisomeric phospholipids and fatty acids.96,151 For example, the all trans isomer
(9E,12E) react ca. 1.5 times faster than its cis counterpart, (9Z,12Z) for a given metal.
63

OZID OF CONJUGATED LIPIDS
Table 2.1: Rate constants measured on a tandem linear ion-trap mass spectrometer
(QTRAP) for the gas-phase ozonolysis reactions of metal adducted FAME standards.
Pseudo-first-order values, kI, were calculated from raw kinetics data provided in Figure
S2.4. The absolute second order rate constants, kII, are calculated by benchmarking to
the known kII for the gas-phase reaction I- + O3 → IO3-. Reaction efficiencies (Φ) are
presented in square brackets as a percentage of the calculated collision rate.

I

II

kII (x10-12 cm3 molecules-1 s-1)

-1 f

k = k [O3] (s )
Metal adduct

K+

Na+

3.20 ±

1.30 ±

[Φ %]a
Li+

K+

Na+

Li+

4±1

110 ± 30

FAME(18:2)
(9Z,11E)

(10E,12Z)

(9Z,12Z)

(9E,12E)

e

0.02

0.05

1.60 ±

17.6 ±

0.02

0.3

0.0411 ±

0.357 ±

0.0006

-d

e

[0.5]

[14]

2.1 ± 0.5

23 ± 6

[0.3]

[3]

5.50 ±

0.05 ± 0.01

0.5 ± 0.1

7±2

0.003

0.03

[0.01]

[0.1]

[0.9]

0.064 ±

0.503 ±

7.7 ±

0.08 ± 0.02

0.6 ± 0.2

10 ± 2

0.001

0.003

0.1

[0.01]

[0.1]

[1]

I-

a.

-d

-d

7.8 ± 0.1 b

-d

10 ± 3 c

Reaction efficiencies based on theoretical collision rates calculated from a
parameterised trajectory model.152

b.

I- was run before and after all FAME experiments were conducted to monitor ozone
concentration.

c.

Reference Williams et al.153

d.

Reactions were too fast for reliable measurements under these experimental conditions.

e.

[FAME(18:2 (9Z,11E))+Na]+ was run on a separate day under ozone conditions
which yielded kI(I-) = 0.122 ± 0.003 s-1.

f.

Errors in kI values represent the standard error in the slope of a line fit to the data (see
Figure S2.4); errors in kII values represent a least squares analysis using the kI errors
and the absolute errors of ± 25% quoted by Williams et al.153
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This comparison also suggests that the adducting metal ion influences the
ozonolysis reaction perhaps via chelation of the double bond(s). The data in Table 2.1
demonstrate how changing the alkali metal adducted to a given FAME (18:2) isomer
impacts the rate of ozonolysis. The rate constant is seen to decrease with increasing
metal ion radius (i.e., Li+ > Na+ > K+). Trends in binding energy of alkali metals with
common ligands have been tabulated from guided ion beam studies,154 and it is
understood that binding energy decreases gradually from Li+ to Cs+ for a given organic
ligand. This is explained by an increase in the metal radius causing a longer bond
length, and hence, weakening the electrostatic interaction. Recent ab initio calculations
on [metal-alkene]+ complexes compute a decrease in the gas-phase binding energies
with increasing ionic radius of metal (19.4 kcal/mol for Li+, 12.0 kcal/mol for Na+ and
8.0 kcal/mol for K+).155 This trend is consistent with the OzID reactivity trend observed
here and supports the proposal of a direct interaction of the metal with the site of
unsaturation. This suggests that the increased interaction energy is, in part, responsible
for lowering the activation barrier to reaction with ozone.
While the concentration of ozone being generated was measured external to the
mass spectrometer, the number density of ozone inside q2 could not be directly
measured in our configuration. Fortunately, the second order rate constant for the
reaction of the iodide anion with ozone has previously been reported based selected-ion
flow tube measurements (kII [I- + O3] = 1 × 10-11 cm3 molecules-1 s-1).153 Thus,
measuring the pseudo-first order rate constant for this reaction on our instrument was
used along with the reported second-order rate constant to benchmark the ozone
concentration in q2. Hence, we have obtained kII values for the OzID reactions of the
metal adducted FAME studied herein. These results are reported in Table 2.1 and are
the first such rate constants reported for the reactions of organic ions with ozone in the
gas phase. Importantly, by comparison with calculated collision rates,152 it is now
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possible to derive the absolute reaction efficiencies: these range from 0.01% for the
potassium adducts of non-conjugated FAME(18:2) up to 14% for sodium adducts of
conjugated forms. The reaction efficiencies of the lithium-adducted conjugates are
expected to be even greater but these could not be reliably obtained under these
experimental conditions. These quantitative rate data show that gas-phase ozonolysis of
unsaturated ions is intrinsically slow but, importantly, the reaction efficiency can be
increased over two-orders of magnitude by simply changing the identity of the
cationising reagent. These data thus provide important insight into future analytical
developments of OzID.

2.3.4 Selective detection of CLA
The utility of OzID as a method for the selective detection and characterisation
of conjugated lipids was tested on lipid extracts from selected sources. Safflower oil and
a dietary supplement were subjected to lipid extraction, hydrolysis, and derivatisation
using standard procedures. The resulting unfractionated FAME were then mixed with a
sodium acetate solution and infused directly into the ESI source of the QTRAP to
facilitate the OzID analysis of [FAME + Na]+ ions. Figures 2.5(a) and (b) show OzID
spectra obtained from sodiated FAME(18:2) ions mass-selected at m/z 317 after
infusion-ESI of extracts from the safflower oil and dietary supplement, respectively.
The spectrum obtained from the safflower extract closely resembles that obtained from
authentic FAME(9Z,12Z-18:2) in Figure 2.1(c) with the product ions at m/z 209 and 249
indicative of double bonds in the n-9 and n-6 double-bond positions, respectively. OzID
provides no evidence for the presence of CLA in this sample; this finding is supported
by independent GC analysis of the same extract from which only FAME(9Z,12Z-18:2)
and its geometric isomer FAME(9E,12E-18:2) were observed (see Figure S2.1 of
Supporting Information).
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Figure 2.5: Spectra acquired on a tandem linear ion-trap mass spectrometer. The top
two panels show OzID on [M + Na]+ precursor ions at m/z 317 isolated from the ESI of
(derivatised) extracts from commercially available samples of (a) safflower oil and (b)
CLA dietary supplements. Peaks with even masses marked with an asterisk ()
correspond to radical cations formed from conjugated FAME isomers present in the
CLA mixtures. Panel (c) shows a NLOzID scan of -69 Da that uniquely identifies the
presence of the conjugated FAME(9Z,11E-18:2) in the supplement. Reaction times are
indicated for each experiment and represent the time ions are isolated in the presence of
ozone. The 42-µs reaction time in (c) is based on an estimated transmission time
through q2.
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In contrast, OzID on the dietary supplement extract shows evidence for a
mixture of conjugated compounds due to the presence of even-m/z product ions (marked
with an asterisk () in Figure 2.5b). These even-m/z ions at m/z 248 and 262 are
consistent with those previously observed for the conjugated lipids, (9Z,11E) and
(10E,12Z) isomers, respectively (cf. Figure 2.1a and b). Two pairs of aldehyde ions are
identified in this spectrum that indicate double bonds in the n-7 and n-9 positions for
one lipid (i.e., m/z 235 and 209) and n-6 and n-8 in the other (i.e., m/z 249 and 223).
Taken together, these data demonstrate that at least two conjugated linoleic acid isomers
are present in the dietary supplement and the double bond positions in each of these can
be uniquely assigned based on the OzID spectrum alone. This conclusion is supported
by GC analysis which reveals two prominent peaks corresponding in retention time to
authentic

FAME(9Z,11E-18:2)

and

FAME(10E,12Z-18:2)

standards

(see

Supplementary Information Figure S2.1). The comparison of OzID and GC analysis for
these extracts is instructive. On the one hand, the OzID spectra in Figure 2.5 allow the
assignment of double-bond position and identify the presence of an isomeric mixture
without fractionation or comparison to authentic standards. However, the assignment of
double bound geometry (i.e., cis and trans) required confirmation by GC, yet this could
only be achieved with comparison of retention times to those independently obtained
for standard compounds. While chromatographic separation required a 50-min elution
time for both extracts and standards, the OzID spectrum for the safflower extract was
obtained in under 2 min (using a 2 s reaction time) and the equivalent dietary
supplement analysis took less than 2 s (with a 50 ms reaction time). This comparison
suggests that OzID combined with direct infusion-ESI approaches can provide a rapid
and structurally informative approach to the analysis of FAME; however, some form of
chromatography may still be required for assignment of double-bond geometries. Future
endeavours will focus on combining OzID with liquid-chromatography in order to
harness the complementarity of each approach.
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2.3.5 OzID without ion trapping
The significant enhancement in reaction rates measured for conjugated lipids
with ozone suggested that it might be possible to carry out OzID analyses by simply
passing the selected-ions through the reagent gas (i.e., without trapping the ions or in a
beam-type experiment). Conceptually this presents a number of advantages. Firstly, the
majority of contemporary lipidomic analyses are undertaken using triple quadrupole
platforms most of which cannot readily trap mass-selected ions. Secondly, if the
chemistry can be observed on the time-scale of a beam-type experiment, then OzID
could be employed with neutral loss and precursor-ion experiments often exploited in
lipid mass spectrometry. Cole and Enke have previously demonstrated the principle of
applying neutral gain scans based on selective ion-molecule reactions between ethyl
vinyl ether and phospholipids for the characterisation of phospholipid class.92 The triple
quadrupole geometry of the modified QTRAP mass spectrometer used here is ideal for
testing the efficacy of OzID in a beam-type experiment. This was first undertaken by
measuring a conventional tandem mass spectrum of m/z 317 mass-selected from the
dietary supplement extract with ozone present in q2. This spectrum (data not shown)
revealed the same diagnostic OzID ions as observed in Figure 2.5(b), albeit at lower
abundance. Following this demonstration, a neutral loss (NL) experiment was
performed on the same sample using a constant offset of 69 Da corresponding to the
loss of the diagnostic hydrocarbon radical identified in Figure 2.1(a). The resulting
NLOzID spectrum is shown in Figure 2.5(c) and highlights the selective detection of m/z
317 due to the presence of the (9Z,11E) conjugated isomer in this sample. Although
preliminary, these data suggest that such an approach could represent a new tool for
searching for conjugated fatty acids in complex matrices. Significantly, NLOzID is
compatibile with contemporary infusion-ESI approaches to lipidomics analysis on triple
quadrupole platforms.
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2.4 Conclusions
This study has uncovered intriguing reactivity trends for OzID analyses of
ionised FAME(18:2) isomers in terms of overall reaction rates as well as unique product
ions. The ozonolysis rates of a given [FAME(18:2) + X]+ ion, where X is an alkali metal
ion, were seen to increase for decreasing metal ion radius, while geometrical isomers for
a given metal showed relative rate increases from cis- to trans- consistent with those
from ozonolysis of neutral gas-phase olefins. More outstandingly, an increase of more
than two orders of magnitude is observed for the relative ozonolysis rate constants
between non-conjugated and conjugated isomers. This speed can be exploited to
increase the sensitivity of CLA detection in OzID analysis of mixtures while
characteristic odd-mass neutral losses confirm the presence of double-bond conjugation
in these systems. The combination of fast reaction kinetics and unique product ions for
conjugated carbon-carbon double-bond motifs makes OzID a sensitive and selective
technique for CLA detection in mixtures. Moreover, the same approach could be
deployed in future searches for the conjugated double-bond motif in intact complex
lipids (i.e., phospholipids, triacylglycerols, sphingomyelins etc.) thus providing new
insights into the carriers of CLA in biological systems.
The increase in reaction rates of OzID for conjugated FAME has been exploited
in a neutral loss experiment on a triple quadrupole instrument to detect a single
conjugated isomer selectively from an unfractionated mixture. This is the first time
OzID has been successfully performed as a beam-type experiment (i.e., a non-trapping
experiment) and, combined with previously described sensitivity gains in the tandem
linear ion-trap geometry,96 suggest an increasing compatibility of OzID with highthroughput methods employed in global lipidomics.
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2.5 Supplementary Information
Chromatogram

9Z, 12Z

9Z, 11E
10E, 12Z

9E, 12E

(a) CLA
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(b) safflower
oil
(c) 9Z, 12Z
(d) 9E, 12E
(e) 9Z, 11E
(f) 10E, 12Z
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Figure S2.1: Gas chromatography (GC-FID) traces where (a) shows FAME derivatives
from the total fatty acid component extracted from a commercial CLA dietary
supplement and trace (b) shows FAME derivatives from safflower oil. Traces for
FAME standards are shown for: (c) non-conjugated FAME(9Z,12Z-18:2); (d) nonconjugated FAME(9E,12E-18:2); (e) conjugated FAME(9Z,11E-18:2) and (f)
conjugated FAME(10E,12Z-18:2).

71

OZID OF CONJUGATED LIPIDS

Figure S2.2: OzID spectra for three FAME (18:2) isomers as lithium adduct ions where
the [M+Li]+ precursor ion is observed at m/z 301: (a) conjugated FAME (9Z,11E-18:2)
with 0.1 s reaction time; (b) conjugated FAME (10E,12Z-18:2) with 0.1 s reaction time
and (c) non-conjugated FAME (9Z,12Z-18:2) with 5 s reaction time.
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Figure S2.3: OzID/OzID spectra acquired with a 10 s reaction time in each case for the
[M + Li + 16]+ ions at m/z 317 seen in Figure S2.2 for the three FAME(18:2) isomers
(a) conjugated [FAME(9Z,11E-18:2) + Li]+, (b) conjugated [FAME(10E,12Z-18:2) +
Li]+ and (c) non-conjugated [FAME(9Z,12Z-18:2) + Li]+. The low product ion
abundances relative to those from the corresponding [M + Li]+ precursor ions and the
longer reaction time for the former (e.g., 10 s compared to 0.1 s in Figure S2.2)
emphasise the impact that conjugation can have on the ozonolysis rate: here removing
one of two bonds from a conjugated motif via oxirane blocking drastically reduces the
rate.
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Figure S2.4: OzID data acquired on the modified tandem linear ion-trap mass spectrometer
(QTRAP) for FAME standards with the metal adducts Li+, Na+ or K+. Each pane plots -ℓn
(Prec/TIC) against reaction time, where “Prec” represents the abundance of the precursor
ion and TIC abbreviates for total ion counts. The pseudo-first order rate constants, kI, are
given by the slopes of the best-fit lines in each case. All FAME were run under conditions
where the ozone concentration was determined by the I- data set labeled “high” [O3], with
the exception of [FAME(9Z,11E-18:2) + Na]+ which was measured under lower ozone
concentration (data grouped together in black box).
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CHAPTER 3
Methods for Identification of snRegioisomeric Glycerolipids by Combinations
of CID and OzID

(Part of this work has been published in Diabetologia:
Ståhlman, M., H. Pham, M. Adiels, T. Mitchell, S. Blanksby, B. Fagerberg, K. Ekroos
and J. Borén, Clinical dyslipidaemia is associated with changes in the lipid composition
and inflammatory properties of apolipoprotein-B-containing lipoproteins from women
with type 2 diabetes. Diabetologia, 2012. 55(4): p. 1156-1166.)
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3.1 Introduction
Glycerophospholipids (GP) and acylglycerols are two glycerol-based classes of
lipids that both have important roles in lipid metabolism. The former are primary
constituents of cell membranes, while the latter, most typically triacylglycerols (TG),
are a critical component of energy reservoirs in animal fats and plant seed oils.1,13 In the
chemical structures of glycerolipids, the alteration of the relative position of acyl chains
on the glycerol backbone can give rise to positional isomers or sn-regioisomerism. The
relative position of the two esterified fatty acids is important to the biological role of
certain membrane phospholipids. For example, two classes of enzymes, phospholipase
A1 (PLA1) and phospholipase A2 (PLA2), are involved in the hydrolysis of glycerolipids
at the sn-1 and sn-2 positions, respectively.43 Indeed, the selective activities of these
phospholipases were employed in conjunction with gas chromatography in traditional
analytical methods to analyse the positional distribution of fatty acids.46 The snpositional distribution in vivo was found to vary with age, type and location of tissues in
the body.156,157 For example, two isomers of phosphatidylcholine, PC(22:6/16:0) and
PC(16:0/22:6), were both found to be abundant in mouse brain tissues. In contrast, in
mouse heart and mouse liver tissues, the 22:6 fatty acid esterified at the sn-2 position
dominated with a much lower contribution of the alternate sn-positional isomer.157
In the case of acylglycerols, the relative position of three fatty acids esterified
onto the glycerol backbone is also a crucial factor: particularly in the metabolism of
triacylglycerols (TG) and their fatty acids. For example, during the digestion process,
hydrolysis of TG occurs predominantly at the sn-1 and sn-3 positions.48 However, the
specific structure, e.g., saturated or unsaturated fatty acids attached at sn-2 position may
influence the fat absorption and lipoprotein metabolism.50
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Mass spectrometry-based methods have been developed to determine the relative
fatty acid positions on the glycerol backbone of glycerolipids.54,118,120,121 Upon collisioninduced dissociation (CID), the GP polar head-group and the fatty acid composition of
glycerolipids can be obtained from the characteristic fragment ions and from the neutral
losses of head-group and/or fatty acids.122,158 In experiments undertaken by Ekroos et
al., ESI-MS/MS (i.e., CID) was performed on a linear ion trap mass spectrometer for

[M + Cl]- or [M + CH3CO2]- ions of two sn-positional PC isomers to form the
demethylated phosphocholine [M - 15]- ion. Subsequent activation on the [M - 15]product ions yielded further neutral fatty acid and ketene losses in the resulting MS3
spectra.126 This study used mixtures of PC(16:0/18:1) and PC(18:1/16:0) to show that
the fatty acid ketene losses observed in MS3 spectra result from sn-dependent processes
(depicted in Scheme 3.1 and Figure 3.1). Specifically, ketene loss from the sn-2 position
was found to occur almost exclusively.126 Despite the demonstrated performance of this
method, two limitations exist, namely: (i) the method has low sensitivity because the
diagnostic ions are produced in low abundance; and (ii) it has not been shown to be
general to other lipid classes.
Scheme 3.1: MS3 fragmentation pathways of the negative precursor ion [PC +
CH3CO2]– under low energy CID in a linear ion trap (from Ekroos et al.126)
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CID of protonated lipid ions were also used to assign fatty acid position in GP by
comparing the resulting CID spectrum with that of standards.123 This method is based
on the observation that loss of sn-1 neutral fatty acid is preferential, but not exclusive
and therefore relative percentages in mixtures of positional isomers were not
determined.121,123 Moreover, in CID spectra of positively charged GP, the characteristic
losses of fatty acids are minor compared to product ions arising from head-group
dissociation.81,159 For alkali or transition metal adduct ions, e.g., [M + Li]+ and [M +
Na]+, the base peaks in CID spectra arise from neutral loss of the entire head-group
(Figure 3.2). Three plausible mechanisms, shown in Scheme 3.2, have been proposed to
account for this fragmentation pathway in PC phospholipids.

Scheme 3.2: Three mechanisms proposed for the entire head-group loss in CID,
including: (a) elimination mechanism involving hydrogen on the glycerol backbone; (b)
substitution mechanism via five-membered ring intermediate driven by the sn-2 acyl
chain; and (c) substitution mechanism via six-membered ring intermediate driven by the
FA at sn-1.
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CID fragmentation mechanisms of GP and TG by tandem mass spectrometry have
been studied using both negative160-162 and positive ion ESI.80,82,163 Initially, the
elimination mechanism was implicated (Scheme 3.2a), where a backbone hydrogen is
removed by the departing phosphocholine head-group to form a new double bond on the
glycerol backbone.164 Later, deuterium labeling experiments on PC species by Hsu and
Turk159 disproved this mechanism and indicated that the proton was instead lost from
fatty acyl chains. Based on these findings, a substitution mechanism was proposed
whereby the removal of an acyl α-hydrogen occurs from a five-membered ring
intermediate (Scheme 3.2b), resulting in a new C=C double bond connecting the sn-2
fatty acyl chain to the backbone. However, there was no evidence to exclude the
analogous process occuring via a six-membered ring intermediate (Scheme 3.2c) driven
by the sn-1 substituent and introducing a new C=C double bond onto sn-1 fatty acid
instead of sn-2. Similarly, both the elimination mechanism82 and substitution
mechanism119,165 have been proposed for the occurrence of neutral FA loss from
positive TG ions depending on the types of charged adducts (e.g., [M + NH4]+ in the
former and [M + Li]+ in the latter case).
We have previously described an ion activation method named Ozone-induced
dissociation (see Chapter 2) utilising the reaction between C=C double bonds and ozone
to determine the location of unsaturation within ionised lipids.95,166 Since these
experiments are conducted in an MSn capable ion-trap mass spectrometer, CID can be
performed prior to OzID37,64 to examine the putative formation of a new double bond
and the mechanism of positive ion CID pathways. Furthermore, the ability of CID/OzID
in discriminating individual sn-positional isomer is examined. The results reported
herein are consistent with the mechanistic CID proposals of Hsu and Turk and also
represent a new method for the analysis of sn-regioisomerism arising in glycerolipids.
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3.2 Experimental Methods
3.2.1 Materials
Synthetic standards of two sn-positional phosphatidylcholine isomers: PC(16:0/9Z18:1) and PC(9Z-18:1/16:0) were purchased from Avanti Polar Lipids (Alabaster, Alabama,
USA). Other glycerophospholipid standards of different head-group classes, including
PC(16:0/9Z,12Z-18:2),

PA(16:0/9Z-18:1),

PE(16:0/9Z-18:1),

PG(16:0/9Z-18:1),

PS(16:0/9Z-18:1) and soy bean PI(16:0/9Z, 12Z-18:2) were also purchased from Avanti
Polar Lipids (Alabama, USA) and were used without further purification. Triacylglycerol
standards,

including

TG(16:0/9Z-18:1/16:0),

TG(16:0/16:0/9Z-18:1),

18:1/18:0), TG(18:0/16:0/9Z-18:1) and TG(9Z-18:1/18:0/16:0)

TG(16:0/9Z-

were purchased from

Larodan Fine Chemical AB (Malmö, Sweden). d5-TG(16:0/16:0/16:0) was purchased from
CDN Isotopes (NSW, Australia). All TG standards were >99% purity. Pure Spanish olive
oil was purchased from Always Fresh (Scoresby, VIC, Australia). Total triacylglycerols
extracted from very-low density lipoprotein (VLDL) were provided by Dr Kim Ekroos
(Zora Biosciences, Finland). These were HPLC purified TG obtained from VLDL samples
collected from women diagnosed with and without dyslipidemia/insulin-resistance in
Gothenburg, Sweden.75,76
Methanol, chloroform (HPLC grade) and sodium acetate (AR grade) were
purchased from APS Chemicals (Sydney, Australia). Industrial grade compressed
oxygen (99.5%) and ultrahigh-purity helium were obtained from BOC (Cringila,
Australia). Cow brain and cow kidney tissues were collected from the Wollondilly
Abattoir (Picton, NSW, Australia). Samples of cow brain and kidney were homogenised
by Dr. Jessica R. Nealon167 in 2:1 chloroform:methanol containing 0.01% butylated
hydroxytoluene and stored at -80°C until analysed. Sample solutions were prepared in
methanol at concentrations between 5 and 10 µM of phospholipids or triacylglycerols in
the presence of 50 µM sodium acetate to aid the formation of sodium or acetate adducts.
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3.2.2 Instrumentation
Experiments were performed on a modified linear ion-trap mass spectrometer
(ThermoFinnigan LTQ, San Jose, CA) described previously.95 In normal operating
mode, the ultra-high purity (UHP) helium collision gas was supplied directly to the
instrument and was internally regulated. In ion-molecule mode, neutral reagents are
introduced into a flow of UHP helium via a gas-mixing manifold. Briefly, ozone was
generated by a HC-30 ozone generator (Ozone Solutions, Sioux Center, Iowa, USA)
and collected in a 10 mL plastic syringe. The ozone/oxygen mixture was introduced at a
flow rate of 20-30 µL/min into the helium collision gas. The helium collision gas was
supplied via a variable leak valve (Granville-Phillips, Boulder, CO) to maintain an ion
gauge pressure of 0.8 x 10-5 Torr.
Typical ESI conditions were: capillary voltage 45 V; ionisation spray voltage 4 V;
capillary temperature 200 oC; tube lens voltage 180 V. Nitrogen gas serves as the sheath
gas, auxiliary gas and sweep gas and helium gas serves as the bath gas. Collisioninduced dissociation (CID) spectra were typically obtained with normalised collision
energy of 30-40 (arbitrary units). Ozone-induced dissociation (OzID) experiments were
conducted in ion-molecule mode, allowing for the gas phase ozonolysis of ionised lipids
isolated within the linear ion-trap in the presence of ozone. Combinations of CID and
OzID were performed sequentially in the linear ion trap, e.g., CID/OzID spectra were
acquired by two sequential steps: (i) performing CID on the [M + Na]+ species using an
isolation width of 3 Da and normalised collision energy of ~35 (arbitrary units), (ii)
subsequent isolation of a CID fragment ion with an increasing activation time for OzID
(typically 1 – 5 seconds) with zero activation energy. Different combinations of CID
and OzID were investigated by varying the selection of product ions and activation
sequences. Typically, 50 scans were acquired and averaged to obtain a satisfactory
signal-to-noise ratio.
81

CID/OZID OF SN-REGIOISOMERIC LIPIDS

3.3 Results and Discussion
3.3.1. CID/OzID analysis of sn-regioisomerism in glycerophospholipids
3.3.1.1 Estimated level of sn-isomeric impurity in phosphatidylcholine standards
The level of sn-isomeric impurity, i.e., the percentage of the sn-positional isomer
contained in a synthetic PC standard obtained from Avanti Polar Lipids, was reported at
around 10-15%.123,126 MS3 fragmentation in negative ion mode, used previously to
identify and quantify sn-regioisomerism for phosphatidylcholine (PC),126 was employed
herein to estimate the isomeric impurity in two PC standards. Subjecting the PC acetate
adducts [M + OAc]- at m/z 818 to CID resulted predominately in an [M - 15]- product
ion at m/z 744 (data not shown). The product ions at m/z 744 were then isolated for
subsequent CID. The MS3 spectra resulting from the two sn-positional PC isomers are
shown in Figure 3.1. Fragment ions seen at m/z 255 and 281 in Figure 3.1 correspond to
the acyl anions of 16:0 and 18:1, respectively.

Figure 3.1: MS3 spectra acquired from negative precursor ions [M + OAc]– for acetate
adducts of (a) PC(16:0/18:1) and (b) PC(18:1/16:0) standards.
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It was shown that the fatty acid ketene losses occur exclusively from the sn-2
position of phosphatidylcholines, therefore, the ions formed at m/z 480 (- 18:1 ketene)
and m/z 506 (- 16:0 ketene) are assigned to arise from PC(16:0/18:1) and PC(18:1/16:0),
respectively. The abundance of m/z 506 in Figure 3.1(a) and m/z 480 in Figure 3.1(b)
therefore represent the presence of the partner sn-positional isomer and thus the
impurity in each standard, as summarised in Table 3.1. Identification of regioisomerism
in PC(16:0/18:1) and PC(18:1/16:0) standards in positive ion mode by using alkali
metal adducted PC was also examined. CID spectra of [M + Na]+ precursor ions found
at m/z 782 for two PC isomers are shown in Figure 3.2.

Figure 3.2: CID spectra of sodiated adducted phosphatidylcholine [M + Na]+ ion at m/z
782 for (a) PC(16:0/18:1) and (b) PC(18:1/16:0) standards.
The three major product ions observed at m/z 723, 599 and 577 in Figure 3.2
correspond to partial or complete losses of the phosphocholine head-group. Other minor
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fragment ions are assigned as losses of neutral or sodiated fatty acids from precursor
ion. For instance, product ions at m/z 526 and 500 correspond to the neutral loss of fatty
acids [M + Na - 16:0]+, [M + Na - 18:1]+, respectively. Fragment ions arising due to
neutral loss of the 16:0 and 18:1 fatty acids from [M + Na - 59]+ were also observed at
m/z 467 and 441. It is likely that the neutral losses of fatty acids from precursor ions are
sn-position dependent as positive CID has been used for quantifying sn-regioisomerism

in TG species.168 Using the relative percentages of two characteristic ions in each
method, the presence of its partner isomer can be identified and the level of isomeric
impurities can be estimated. These results are summarised in Table 3.1 and show that
both commercially obtained standards contain significant amounts of sn-isomeric
impurity. Specifically, the PC(16:0/18:1) standard contains ~80% PC(16:0/18:1) and
~20% PC(18:1/16:0) while the PC(18:1/16:0) standard has ~10% of its sn-regioisomeric
partner.
Table 3.1: The percentage of characteristic fragment ions resulting from positive ion
CID of sodium adducts and negative ion MS3 spectra of acetate adducts from
PC(16:0/18:1) and PC(18:1/16:0) standards. The level of impurity for each compound is
estimated based on the relative abundance of these product ions, reported as (X/Y) for
(Mol% of the indicated standard / Mol% of the related positional isomer).
+ve CID

+ve CID

-ve MS3

Methods
PC(16:0/18:1)
Estimated impurity

PC(18:1/16:0)
Estimated impurity

m/z 526

m/z 500

m/z 504

m/z 478

m/z 506

m/z 480

77.3%

22.7%

21.2%

78.8%

21.1%

78.9%

78/22
15.5%

84.5%

85/15

79/21
88.7%

11.3%

89/11

79/21
89.8%

10.2%

90/10
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3.3.1.2 CID/OzID analysis of sn-regioisomerism in phosphatidylcholines
In order to examine the relative position of the two FA attached on the glycerol
backbone of PC species, the product ion observed at m/z 599 (Figure 3.2) resulting from
loss of the entire phosphocholine head-group was investigated. CID-generated fragment
ions at m/z 599 were isolated and subjected to ozonolysis. The resulting CID/OzID
spectra from two synthetic sn-regioisomeric PC standards, PC(16:0/9Z-18:1) and
PC(9Z-18:1/16:0), are shown in Figure 3.3.

Figure 3.3: CID/OzID spectra obtained by isolating the fragment ions at m/z 599 for 1 s
trapping time in the presence of ozone from (a) [PC(16:0/18:1) + Na]+ and (b)
PC(18:1/16:0) + Na]+.
CID/OzID spectra of these sn-positional isomers show a significant difference in
major product ions. The most abundant ion observed in the spectrum obtained from
CID/OzID of PC(16:0/9Z-18:1) (shown in Figure 3.3a), arises at m/z 379. In contrast,
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the base peak in the CID/OzID spectrum of PC(9Z-18:1/16:0) (Figure 3.3b) is seen at
m/z 405. Notably, the CID-generated m/z 599 fragment ion is quite reactive as it is near-

completely consumed after trapping for 1 s in the presence of ozone. In comparison to
OzID spectra of intact PC molecules (cf. Figure 1.19), where product ions were formed
at ~5% relative abundance after 10s trapping time, CID/OzID generated abundant
product ions after 1 s.
The major product ion at m/z 379 in Figure 3.3(a) represents a neutral loss of 220
Da and is assigned as the aldehyde ion arising from ozonolysis of an n-17 double bond
formed during CID of PC(16:0/18:1). Similarly, the m/z 405 product ion in Figure
3.3(b) corresponds to a loss of 194 Da and is indicative of ozonolysis of an n-15 double
bond formed in CID of the sn-isomeric partner. The two CID/OzID product ions at m/z
395 and 421 are 16 Da heavier than their aldehyde counterparts (m/z 379 and 405,
respectively) and are assigned as Criegee ions. The location of new forming n-17 and
n-15 double bonds suggests the association of 18:1 and 16:0 acyl chains in CID of

PC(16:0/18:1) and PC(18:1/16:0), respectively. These data thus provide evidence for
the mechanism in Scheme 3.2(b) where a new double bond is integrated selectively
into the sn-2 acyl chain.
Minor ions observed in these spectra (e.g., m/z 405 and 421 in Figure 3.3(a) and
m/z 379 in Figure 3.3(b)) may arise from either: (i) sn-isomeric impurity in each

synthetic PC standard (cf. Section 3.3.1.1) fragmenting via the five-membered ring
pathway; or (ii) from the main sn-isomer via the six-membered ring pathway as in
Scheme 3.2(c), where the sn-1 substituent is involved in the loss of the complete
phosphocholine head-group. Notably, the relative abundance of these minor fragment
ions is similar to the reported level of the sn-positional isomer impurity present in these
samples (see below). This suggests the five-membered substitution mechanism occurs
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dominantly, if not exclusively. This mechanism also rationalises the fast CID/OzID
reaction owing to the presence of two vinylic oxygens in the structure of the m/z 599
product ions (Scheme 3.3) that would be predicted to activate the new double bond.
This pathway rapidly leads to the selective formation of ozonolysis product ions
retaining the sn-1 acyl chain on the glycerol backbone.
Scheme 3.3: The substitution mechanism with a five-membered ring intermediate
driven by the sn-2 fatty acyl chain during CID/OzID fragmentation of [PC(16:0/9Z18:1) + Na]+.

CID/OzID of two sn-positional PC isomers resulted in the facile formation of
characteristic product ions. The major product ions observed in these spectra are
87

CID/OZID OF SN-REGIOISOMERIC LIPIDS
diagnostic for a specific sn-positional PC isomer and, therefore, enable the sensitive
identification of sn-regioisomerism within the samples. Qualitatively, the ratio of the
two characteristic ion pairs arising in the CID/OzID spectra is consistent with the
relative abundance of two sn-regioisomers determined from other tandem mass
spectral approaches. That is, comparing the ion abundances of m/z 379 and 395 with
those of m/z 405 and 421 in Figure 3.3(a) and (b) suggests mixtures of 83/17 and 3/97
of PC(16:0/18:1) and PC(18:1/16:0), respectively. Comparing these values with those
derived from CID approaches (Table 3.1) shows good agreement in the former case
and only a slight underestimation of the isomeric impurity in the latter. While further
work is required to fully benchmark the quantitative accuracy of CID/OzID (and is
beyond the scope of the current study), it is clear from these preliminary results that
this is a fast and sensitive method for (i) detecting the presence of sn-positional
isomerism in a given sample, (ii) indicating the approximate proportions of each
isomer; and (iii) highlighting changes in relative proportions between sample sets.

3.3.1.3 CID/OzID analysis of sn-regioisomerism in other phospholipids classes
CID/OzID experiments were conducted for other glycerophospholipid classes to
examine whether it could be used to identify sn-regioisomerism in other head-group
classes of glycerophospholipids. CID of the sodium adducts of PA, PE, PG and PS,
which have the same 16:0 and 18:1 FA composition to PC standards, also generates a
major m/z 599 fragment ion from each glycerophospholipid class (data not shown). This
CID-generated fragment ion corresponds to the loss of the complete phospholipid headgroup and was then subjected to a 1 s trapping time to react with ozone within the linear
ion-trap. The resulting CID/OzID spectra from those phospholipids are shown in Figure
3.4.
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Figure 3.4: CID/OzID spectra measured for CID-generated ions at m/z 599 resulting
from loss of the phospholipid head-group of (a) [PA(16:0/9Z-18:1) + Na]+ m/z 697, (b)
[PE(16:0/9Z-18:1) + Na]+ m/z 740, (c) [PG(16:0/9Z-18:1) + Na]+ m/z 771 and (d)
[PS(16:0/9Z-18:1) + Na]+ m/z 784.
In general, the CID/OzID spectra in Figure 3.4 are similar to that of PC(16:0/18:1)
(cf. Figure 3.3a). Specifically, product ions were generated after 1s indicating
ozonolysis reactions were fast. In addition, a base peak at m/z 379 was observed,
reflecting an ion with a 16:0 FA at sn-1 on the glycerol backbone. These observations
consistently support the five-membered ring mechanism driven by the sn-2 acyl chain
during CID (analogous to Scheme 3.3). As a result, the proposed method is diagnostic
for the presence of sn-regioisomerism of GP species within biological mixtures,
independent of the phospholipid head-group.

89

CID/OZID OF SN-REGIOISOMERIC LIPIDS
CID/OzID experiments were also performed on polyunsaturated GP to examine
the impacts of FA structure on the mechanistic pathways and the ability of CID/OzID to
detect the sn-regioisomerism. CID of [PC(16:0/18:2) + Na]+ and [PI(16:0/18:2) + Na]+
ions from a PC(16:0/18:2) synthetic standard and PI(16:0/18:2) in soy beans, resulted in
formation of fragment ions at m/z 597 that arise due to the complete phosphocholine or
phosphoinositol head-group loss, respectively. CID/OzID spectra of the isolated m/z
597 ions resulting from PC and PI are shown in Figure 3.5(a) and (b), respectively.

Figure 3.5: CID/OzID spectra measured for CID-generated fragment ions at m/z 597
resulting from loss of the phospholipid head-group of (a) [PC(16:0/18:2) + Na]+ m/z 780
and (b) [PI(16:0/18:2) + Na]+ m/z 857 in soy bean.
As can be seen in both spectra featured in Figure 3.5, a major CID/OzID ion is
formed at m/z 379, also indicating the 16:0 FA is primarily at the sn-1 position. The
minor fragment observed at m/z 403 in both spectra indicates an sn-isomeric impurity
where the 18:2 FA is at located at sn-1 in the PC and PI species. In addition, a
significant product ion appears at m/z 289 in association with presence of 18:2 sn-2 FA
in structures of PC and PI. An equivalent CID/OzID product ion associated with 18:1
sn-2 FA was observed at m/z 291 ion from PC(16:0/18:1) in Figure 3.3. The relative

higher abundance of m/z 289 as compared to m/z 291 may reflect the effect of multiple
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double bonds on the structural stabilisation of this product ion, e.g., the interaction of
sodium atom with multiple double bonds. However, the degree of unsaturation has less
effect on the ratios of characteristic fragment ions containing sn-1 FA remained on the
glycerol backbone (e.g., m/z 379, 403, 405). The structures of some major CID/OzID
product ions observed from PC(16:0/18:2) are proposed in Scheme 3.4.

Scheme 3.4: Proposed structures of major product ions forming in CID/OzID from
[PC(16:0/18:2) + Na]+ (the m/z ions are observed in Figure 3.5a).

Preliminary results therefore indicated that the structural identification of snpositional isomers by the CID/OzID method is independent on the phospholipid headgroup class and fatty acid composition, thus allowing for the sensitive and selective
analysis of sn-regioisomerism in most GP classes.
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3.3.1.4 CID/OzID analysis of sn-regioisomerism in bovine extracts
In positive ion ESI-MS spectra obtained from cow brain and cow kidney
extracts, the most abundant phospholipid ion was observed at m/z 782 (cf. Figure 1.8).
From CID data, this ion was assigned to the sodium adduct of the phosphatidylcholine
PC(34:1) where the fatty acid composition is predominantly 16:0 and 18:1. The
presence of sn-positional PC isomers has been reported in various types of tissues, with
a mixture of sn-isomers found particularly in brain tissue: albeit in mouse.157 Such snisomerism is also likely to occur within the bovine lipid extracts examined here.
CID/OzID experiments were thus performed on the CID-generated ions at m/z 599
resulting from the phosphocholine head-group loss from sodium adducts of PC(34:1) in
both bovine extracts. The CID/OzID spectra measured from cow brain and cow kidney
samples are shown in Figure 3.6(a) and (b), respectively.

Figure 3.6: CID/OzID spectra acquired for the CID-generated ion at m/z 599 resulted
from sodiated PC(34:1) present in (a) cow brain lipid extract and (b) cow kidney
extract.
Two characteristic pairs of ozonolysis product ions were observed at m/z 379,
395 and m/z 405, 421, which were previously observed in the CID/OzID spectra of
PC(16:0/18:1) and PC(18:1/16:0) synthetic standards (cf. Figure 3.3). Each ion pair is
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demonstrably diagnostic for the existence of one sn-positional isomer. Therefore, the
observation of both ion pairs in the CID/OzID spectra from cow lipids suggests both snpositional isomers are present in these biological samples. The abundances of the m/z
405 and 421 ions account for 35% of the total product ions (i.e., m/z 379, 395, 405 and
421) arising from sn-positional isomers in cow brain (Figure 3.6a). The analogous
percentage calculated for cow kidney was 18% (Figure 3.6b), around half of that
measured in cow brain. Since these m/z 405 and 421 ions contain an 18:1 fatty acid at
the sn-1 position of the glycerol backbone, they represent the quantity of PC(18:1/16:0)
found in the total PC(34:1) extracts. Thus, the relative abundance of two sn-positional
isomers PC(16:0/18:1) and PC(18:1/16:0) in the cow brain extract can be estimated at
around 65/35 while the equivalent isomeric distribution in the cow kidney extract was
closer to 82/18. These results suggest that sn-regioisomerism in cow brain is more
prevalent than in cow kidney.

3.3.2 CID/OzID analysis of sn-regioisomerism in triacylglycerols
3.3.2.1 TG consisting of one type of FA components
Shown in Figure 3.7(a) is a CID spectrum obtained from the m/z 834 precursor
ion of sodiated d5-TG(16:0/16:0/16:0) with a deuterium labeled glycerol backbone.
Consistent with one type of FA being present in these TG molecules, only two major
CID fragment ions are observed at m/z 578 and 556. These ions are produced from the
loss of 16:0 FA as either the free acid 16:0 (-256 Da) or sodium salt (-278 Da).
Importantly, the removal of the free fatty acid does not result in loss of a deuterium,
indicating that the departing proton originates from an acyl chain, not the glycerol
backbone. This observation provides clear evidence for a substitution mechanism via a
cyclic intermediate during collisional activation of the TG sodium adduct. A mechanism
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for this pathway is illustrated in Scheme 3.5, where CID of the parent lipid results in the
neutral loss of the 16:0 FA and formation of a new double bond integrating into another
acyl chain, which is subsequently subjected to OzID. A similar substitution mechanism
for CID of a lithium adducted TG was previously proposed.119

Figure 3.7: (a) CID spectrum and (b) CID/OzID spectrum obtained from a TG standard
with deuterated glycerol backbone [d5-TG(16:0/16:0/16:0) + Na]+.
Scheme 3.5: Proposed substitution mechanism for CID and CID/OzID pathways to
explain major fragment ions observed in Figure 3.7 from [d5-TG(16:0/16:0/16:0)+ Na]+.
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The two major CID-generated fragment ions were subjected to ozonolysis but
only the ion at m/z 578 displayed high reactivity with ozone as shown in Figure 3.7(b),
whereas the m/z 556 ion did not react under the same conditions. This observation
further supports the proposed mechanism and structure of the product ions shown in
Scheme 3.5. One of the major CID/OzID product ions in Figure 3.7(b) was seen at m/z
384, corresponding to a loss of 194 Da. This is indicative of ozonolysis at the n-15
double bond position on one of the remaining 16:0 acyl chains. Similar to the
mechanism proposed for glycerophospholipids, CID/OzID data acquired from d5TG(16:0)3 supports a substitution-driven rearrangement during CID resulting in
formation of an activated double bond with two vinylic oxygens. Further mechanistic
features will be revealed by examining TG molecules containing different FA
components.

3.3.2.2 TG consisting of two different FA components
TG(16:0/18:1/16:0) and TG(18:1/16:0/16:0) are two sn-positional isomers
consisting of two different FA. CID and CID/OzID spectra obtained from sodium
adducts of these two isomeric TG are shown in Figure 3.8. As these isomers both
contain 16:0 and 18:1 FA, CID spectra show ions arising from neutral loss of palmitic
acid 16:0 (as free fatty acid and sodium salt) at m/z 599 and 577 and loss of oleic acid
18:1 at m/z 573 and 551 (Figure 3.8a,c). The ions arising due to loss of 18:1 from sn-1
in TG(16:0/16:0/18:1) (Figure 3.8a) are higher in abundance than those observed due to
loss of 18:1 FA from sn-2 in TG(16:0/18:1/16:0) (Figure 3.8c). This indicates a
preferable loss of the sn-1 FA from TG upon CID, providing some preliminary
differentiation between these two regioisomers.
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Figure 3.8: (a) CID spectrum of [TG(16:0/16:0/18:1) + Na]+ precursor ion at m/z 855,
(b) CID/OzID spectrum of m/z 599 fragment ion [TG(16:0/16:0/18:1) + Na - 16:0]+
formed in (a); (c) CID and (d) CID/OzID spectra obtained from TG(16:0/18:1/16:0).
CID/OzID was performed on the fragment ion at m/z 599 resulting from loss of
the 16:0 FA from these two sn-positional TG isomers. The two CID/OzID spectra in
Figures 3.8(b) and (d) show different major ozonolysis product ions for each TG.
Notably, when the FA at outer positions (i.e., sn-1/sn-3) are the same, such as
TG(16:0/18:1/16:0), only one pair of CID/OzID product ions containing 16:0 FA were
observed, i.e., m/z 379 and 395 in Figure 3.8(d). However, when the outer positions are
esterified with different FA, CID/OzID product ions containing both 16:0 and 18:1 FA
moieties were observed from TG(16:0/16:0/18:1), i.e., m/z 379, 405 ions observed in
Figure 3.8(b). This observation excludes a CID mechanism invoking a six-membered
ring intermediate. If each of the two FA at outer positions were involved in the other's
removal, CID/OzID product ions retaining intact sn-2 FA on the glycerol backbone
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would be expected (i.e., m/z 405 would be formed from CID/OzID of
TG(16:0/18:1/16:0)) but this does not occur. For this particular example, loss of the
16:0 FA from TG(16:0/18:1/16:0) is driven exclusively by the adjacent 18:1 FA at the
sn-2 position, as illustrated in Scheme 3.6, thus explaining the formation of major

product ions at m/z 379 and 395 in Figure 3.8(d).

Scheme 3.6: Proposed five-membered ring mechanism for the loss of 16:0 sn-1 from
TG(16:0/18:1/16:0) driven primarily by the 18:1 FA at sn-2.

In the case of TG(16:0/16:0/18:1), the observed loss of 16:0 can arise from either
the sn-1 or sn-2 position. The loss of 16:0 FA from sn-1 position leads to the formation
of m/z 405 and 421 ions which are observed as major CID/OzID product ions. The
relatively lower abundance of m/z 379 ion is likely associated with the 16:0 FA loss
from sn-2 which was observed to be less favourable in CID. Therefore, a primary fivemembered ring mechanism is proposed to occur during CID of sodiated TG in which
removal of a FA is driven by the adjacent FA on the glycerol backbone as shown in
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Scheme 3.7. Based on the relative abundance of these two ion pairs (i.e., m/z 379, 395
and 405, 421; relative abundance of 15/85), the branching ratio in Scheme 3.7 can be
estimated. These data suggest 15% of the product ions arise due to loss of 16:0 FA from
pathway (a), while 85% of ions arise due to loss of the 16:0 acyl chains by pathways (b)
and (c).
Scheme 3.7: Proposed five-membered ring mechanism for the loss of 16:0 FA from
TG(16:0/16:0/18:1) forming two isomers of m/z 599 ions during CID/OzID.

3.3.2.3 TG consisting of three different FA components
TG standards composed of three different fatty acid substituents, i.e., 16:0, 18:0
and 18:1, were subjected to CID and CID/OzID experiments. The outer position at sn-1
and sn-3 is not discriminated in these experiments, therefore the isomeric TG structures
are determined by identifying the sn-2 fatty acyl chain. CID spectra of these three snpositional TG isomers with sodium adducts at m/z 883 are shown in Figure 3.9(a-c).
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Figure 3.9: CID spectra from three sn-positional isomeric TG standards (a) [TG(9Z18:1/16:0/18:0) + Na]+, (b) [TG(16:0/18:1/18:0) + Na]+ and (c) [TG(18:0/16:0/18:1) +
Na]+. The ions seen at m/z 599, m/z 627 and m/z 601 in (c) were subjected to ozonolysis,
i.e., CID/OzID and the resulting spectra are shown in (d), (e) and (f), respectively.

Neutral losses from each of three fatty acids are observed in the CID spectra of
sodium adduct ions, e.g., m/z 577, 599 from loss of 18:0 FA (as free acid and sodium
salt, respectively). The only difference among CID spectra of these three sn-positional
TG isomers is the variance in relative abundance of product ions derived from FA
losses. It is interesting to note that the fragment ions corresponding to sn-2 loss appear
with the lowest abundance (~18-20% of all product ions), while losses of sn-1 and sn-3
FA are very similar (~39-42% for each). This observation is useful to confirm the
substitution pattern and distinguish these isomeric TG standards. However, the presence
of more than one TG isomer within a mixture would not be readily determined by CID
spectrum alone.
OzID was conducted on selected fragment ions produced by FA loss from the
TG(18:0/16:0/18:1) standards during CID, i.e., CID/OzID. As can be seen in Figure
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3.9(d) and (f), OzID was performed after 18:0 and 18:1 sn-1/sn-3 loss; only one pair of
ozonolysis product ions was formed. This provides more evidence for the fivemembered ring mechanism in CID, in which the sn-2 acyl chain is involved in the
losses of both outer FA and explains the observation of only one main CID/OzID ion
pair (i.e., aldehyde and Criegee ions). Notably, the m/z 379 ion observed in Figure
3.10(f) is assigned as loss of 44 Da (-CO2) from m/z 423 Criegee ion containing the
saturated FA(18:0) at sn-1. This was also observed for TG(16:0)3 in Figure 3.7, with the
formation of an m/z 356 ion, in addition to the Criegee ion at m/z 400.
Although the m/z 627 ion resulting from neutral loss of the 16:0 FA at sn-2 is of
lower abundance (Figure 3.9c), it can be driven by fatty acids at either sn-1 or sn-3.
Accordingly, both characteristic ions containing outer acyl chains (sn-1 and sn-3)
remained on the glycerol backbone, i.e., 18:0 FA in m/z 407 ion and 18:1 FA in m/z 405
ion, are observed at similar intensities in CID/OzID spectrum shown in Figure 3.9(e).
Again, these data suggest that neutral loss of FA from TG is driven be the adjacent acyl
chain, providing additional support for the five-membered ring mechanism (cf. Scheme
3.5 and 3.6). This suggests CID/OzID may be used for analytical applications,
including: (i) discriminating the outer and inner positions within TG molecules and
detecting the presence of sn-isomeric mixtures; and (ii) the structural characterisation of
sn-specific acyl features based on selective fragmentation (see below).

3.3.2.4 Analysis of sn-regioisomerism in TG from biological lipid extracts
TG species are the main components in olive oil and human very low-density
lipoproteins (VLDL) samples and these two sources were chosen to test the ability of
CID/OzID to detect sn-regioisomerism in complex biological mixtures. The VLDL
samples were obtained from three groups of women patients, an insulin resistant group
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(IR), an insulin resistant and dyslipidemic group (DL&IR) and a healthy control group
(CTRL).75 CID/OzID experiments were conducted on TG(50:1) from olive oil and
VLDL samples: analogous to those conducted on the two sn-isomeric TG(50:1)
standards (cf. section 3.3.2.2). The CID spectra featured mainly neutral losses of 16:0
and 18:1 fatty acids (data not shown), indicating these to be the primary fatty acyl
components in all cases. Typical CID/OzID spectra obtained from olive oil and VLDL
samples are displayed in Figure 3.10.

Figure 3.10: CID/OzID spectra obtained by 1 s trapping time of the CID fragment at
m/z 599 from [TG(50:1) + Na]+ in (a) olive oil and in VLDL extracts from (b) a woman

in the CTRL group, (c) a woman diagnosed with IR and (d) a woman diagnosed with
both DL&IR symptoms.
All CID/OzID spectra show both characteristic ion pairs at m/z 379, 395 and 405,
421, where the former ion pair is diagnostic for TG(16:0/18:1/16:0) and the latter reflect
the presence of TG(16:0/16:0/18:1). Interestingly, the relative abundances of the two sn101
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positional isomers vary with the source of samples. The greatest regio-purity was
observed in olive oil, while higher levels of sn-isomerism were observed from VLDL
samples. Particularly, the CID/OzID spectrum in Figure 3.10(a) obtained from olive oil
extract resembles the result from TG(16:0/18:1/16:0) standard, showing the m/z 379 ion
as the major product ion. In contrast, the CID/OzID spectrum in Figure 3.10(b) obtained
from a VLDL sample extracted from a healthy woman shows the two ion pairs in which
the abundances of m/z 405, 421 ions are more significant, representing a higher
proportion of TG(16:0/16:0/18:1) among TG(50:1) sn-positional isomers. Other VLDL
samples are extracted from women with either insulin resistance (IR) or both
dyslipidemia and insulin resistance (DL&IR) symptoms. The CID/OzID spectra
measured for these samples (shown in Figure 3.10c-d) show some variation in the
relative ratio of the two characteristic product ions. Preliminary data suggests that a
higher fraction of m/z 379, 395 ions corresponds to increasing symptoms of lipid
disorders. However, further investigation of this method is necessary for an accurate
quantification in which the branching ratio of CID/OzID fragmentation (cf. Scheme 3.7)
would be taken in account.

3.3.3 CID/OzID2 assignment of double bond(s) in sn-1 FA of GP and TG
The CID/OzID experiments described above demonstrate that the five-membered
ring substitution mechanism is dominant during CID fragmentation of sodium adduct
ions formed from both GP and TG lipids. In GP, the loss of the head-group is driven by
the sn-2 substituent, leaving sn-1 remaining on the glycerol backbone after the
CID/OzID procedure. Similarly, it was shown that the major CID/OzID aldehyde ions
contain outer fatty acyl chains (i.e., sn-1/sn-3) remaining on the glycerol backbone of
TG. When the FA at outer positions are unsaturated, these characteristic aldehyde ions
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can be subjected to ozonolysis (OzID) to determine double bond(s) in the sn-1 FA
specifically. Shown in Figure 3.11 are CID/OzID2 spectra measured for the m/z 405
aldehyde ion resulting from a PC(9Z-18:1/16:0) standard and PC(34:1) in cow lipid
extracts.

Figure 3.11: CID/OzID2 spectra performed on fragment ions at m/z 405 containing 18:1
FA retaining on the glycerol backbone generated from (a) PC(9Z-18:1/16:0) commercial
standard and (b) PC(18:1/16:0) in a sample of cow kidney extract, (c) and (d) two
samples of cow brain extract.

CID/OzID2 spectra of m/z 405 generated from a PC(9Z-18:1/16:0) standard,
shown in Figure 3.11(a), reveal a major product ion at m/z 295. This corresponds to a
loss of 110 Da and indicates the double bond is located at the n-9 position in the 18:1
FA at sn-1. Analogous experiments on cow lipid extracts resulted in additional
ozonolysis products, notably the m/z 323 ion arising in Figures 3.11(b-d). The
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CID/OzID method was employed above to demonstrate that the most abundant
PC(34:1) in cow lipids present as both PC(16:0/18:1) and PC(18:1/16:0). The observed
losses of 110 Da and 82 Da in CID/OzID2 spectra indicate the presence of two isomers
containing n-9 or n-7 double bonds within 18:1 FA at sn-1, respectively. Therefore,
PC(18:1/16:0) in cow brain and cow kidney extracts is made up of contributions from
both PC(18:1 n-9/16:0) and PC(18:1 n-7/16:0). Significantly, the relative abundance of
m/z 295 and m/z 323 ions differs between cow brain and cow kidney lipids, representing

a difference in the distribution of n-9 and n-7 double bond positional isomers within
these extracts. Specifically, CID/OzID2 data identified lower n-7/n-9 ratio from cow
kidney sample (Figure 3.11b) as compared to the relative level of n-7 double bond in
two cow brain samples (Figure 3.11c,d).
To examine double bond positions and sn- specific double bonds in TG species,
OzID and CID/OzID2 was conducted on a TG(9Z-18:1/16:0/16:0) standard and
TG(50:1) present in VLDL samples (Figure 3.12). OzID can identify the total double
bond positional distribution in the intact molecules, while CID/OzID2 can detect the
double bond distribution in the 18:1 FA at outer positions sn-1/sn-3 only. The loss of
110 Da in Figure 3.12(a) from precursor m/z 855 ion to form m/z 745, and in Figure
3.12(b) from m/z 405 to m/z 295, is diagnostic for an n-9 double bond in the 18:1 FA at
sn-1of the TG(9Z-18:1/16:0/16:0) standard. In human VLDL extracts, an n-7 double

bond was detected owing to a characteristic loss of 82 Da, which was observed in both
OzID (i.e., m/z 773 ions seen in Figure 3.12c,e) and CID/OzID2 spectra (i.e., m/z 323
ions seen in Figure 3.12d,f). The overall fraction of n-7/n-9 double bond positional
isomers identified in OzID spectra of intact TG(50:1) molecules is higher than the
relative ratio assigned for these double bonds solely at sn-1/sn-3 FA from CID/OzID2
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data. This suggests there is a higher abundance of the n-7 double bond positional isomer
in the sn-2 FA.

Figure 3.12: (a) OzID spectrum and (b) CID/OzID2 spectrum acquired from
TG(16:0/16:0/18:1) synthetic standard; (c) OzID and (d) CID/OzID2 spectra acquired
from VLDL extract isolated from a healthy woman in control group; (e) OzID and (f)
CID/OzID2 spectra acquired from TG(50:1) in VLDL extract isolated from a woman
diagnosed with DL&IR symptoms.
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Notably, the examination of ≥10 VLDL samples from each patient group shows a
statistically significant increase in the n-7/n-9 ratios from female patients diagnosed
with dyslipidemia and insulin resistance (DL&IR) compared to healthy controls
(CTRL) or those with insulin resistance (IR) only (Figure 3.13). However, no
statistically significant difference was detected by CID/OzID2 data for the n-7/n-9 ratios
from outer positions (sn-1/sn-3) of TG(16:0/16:0/18:1) among three groups of patients
(Figure 3.13c). Therefore, the results revealed that the increase in the proportion of the
n-7 double bond positional isomers associated with DL&IR is a specific increase in the

level of vaccenic acid present at the sn-2 position.76

Figure 3.13: (a) The ratio of the molecular species TG(16:0/16:0/18:1) (18:1 FA at sn1/sn-3 positions) and the isomer TAG 16:0/18:1/16:0 (18:1 FA at sn-2 position) were
determined in the VLDL extracts (n = 10 in each group). The ratio of vaccenic (18:1 n7) to oleic (18:1 n-9) fatty acid was determined in VLDL extracts by (b) OzID for intact
molecules TG(50:1) and (c) CID/OzID2 for TG(16:0/16:0/18:1) species. *p<0.05;
**p<0.01. (Figure adapted from76)
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3.3.4 (CID/OzID)2 assignment of double bond(s) in sn-2 FA of GP
We have investigated additional combinations of CID and OzID to obtain
structural information of the sn-2 FA, specifically. Notably, it is more efficient to
characterise the aldehyde ions by OzID than the Criegee partner, where the structure
remains unclear. Although the formation of m/z 291 and 289 (Figure 3.3 and 3.5) are
derived from 18:1 and 18:2 FA at sn-2, they correspond to Criegee ions and were
unreactive towards ozone.
In CID/OzID spectra of GP and TG, there is another noticeably broad peak ∼15
Da higher than the mass-selected CID-fragment ion, e.g., an ion at m/z 614 is formed
when trapping m/z 599 during OzID (e.g., Figure 3.3). This peak fronting may arise due
to the dissociation of a fragile ion, which has been shown to occur upon mass-selective
ejection from ion-traps when these ions come into resonance with the ejection
frequency.169 Another signature of fragile ion was observed with the mass-shift noted
for this ion.170 This could be demonstrated by isolating the m/z 614 product ion with a
wide isolation window and subjecting it to CID which gave rise to a sharp peak at m/z
615 (Figure 3.14a,b). This suggests that upon isolation and CID, some part of this ion
population rearranges to a more stable structure. Interestingly, the product ions formed
in CID/OzID/CID of m/z 615 also show sn-specific features. The base peaks observed at
m/z 319, produced from PC(16:0/18:1) in Figure 3.14(a) and m/z 345 produced from

PC(18:1/16:0) in Figure 3.14(b) are consistent with a 16:0 or 18:1 sn-1 FA remaining
with the glycerol backbone. Ozonolysis can also be employed for these ions to uncover
the double bond positional isomers of unsaturated FA at sn-1. For example, subjecting
the m/z 345 to OzID would reveal the double bond position(s) belong to 18:1 FA at sn1. Nevertheless, this method is not as sensitive as the CID/OzID2 sequence.
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Figure 3.14: Spectra measured after CID/OzID/CID performed on the m/z 615 ions
from the (a) PC(16:0/9Z-18:1) standard and (b) PC(9Z-18:1/16:0) standard. Spectra
measured after (CID/OzID)2 is performed on the m/z 275 resulting from the (c)
PC(16:0/9Z-18:1) standard and (d) from PC(34:1) in cow brain extract.
The CID/OzID/CID spectrum in Figure 3.14(a) produced from PC(16:0/18:1)
shows an m/z 275 product ion that is not observed in the equivalent spectrum obtained
from the isomeric partner (Figure 3.14(b)). This m/z 275 ion is assigned as an aldehyde
ion derived from the 18:1 FA at sn-2. Subjecting this ion to OzID resulted in formation
of a dominant ion at m/z 165 as seen in Figure 3.14(c), corresponding to an n-9 double
bond, i.e., PC(16:0/18:1 n-9). This demonstrates that we can directly identify double
bond position(s) within the sn-2 FA by (CID/OzID)2. The m/z 275 product ion
generated from PC(34:1) in cow brain was then isolated for reaction with ozone and the
resulting (CID/OzID)2 spectrum (Figure 3.14(d)) shows two major ozonolysis product
ions at m/z 165 and m/z 193. They represent losses of 110 and 82 Da, which are
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diagnosed for double bonds at the n-9 and n-7 position, or the presence of PC(16:0/18:1
n-9) and PC(16:0/18:1 n-7) in cow brain, respectively. A proposed mechanism for

(CID/OzID)2 is outlined in Scheme 3.8. A dioxolane structure is proposed for the m/z
615 ion, which drives ejection of the sn-2 FA as the aldehyde. Subjecting the aldehyde
to OzID therefore reveals the location of double bonds within the 18:1 FA at the
specific sn-2 position.
Scheme 3.8: A mechanism proposed for the formation and (CID/OzID)2 fragmentation
of the m/z 614/615 ion resulting from the PC(16:0/9Z-18:1) standard.
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3.4 Conclusion
By combining CID with OzID, we have developed a method (CID/OzID) that
provides more detailed structural information than either CID or OzID alone. CID/OzID
was found to be a powerful method for sn-regioisomerism analysis. It can identify
efficiently the presence of two sn-positional isomers for most common GP classes, e.g.,
PA, PC, PE, PG, PS and PI. The major trend in CID/OzID fragmentation of GP was
unaffected by varying head-group and FA composition, but occurs as a sn-dependent
process, i.e., the loss of phospholipid head-group is driven by the sn-2 fatty acyl via a
five-membered intermediate. In the molecular structure of triacylglycerols (TG),

alteration of relative positions of three fatty acids esterified on the glycerol backbone
causes a higher level of sn-regioisomerism than in GP classes. The CID/OzID method
was also shown to sensitively discriminate TG sn-regioisomers. Consistent with the
fragmentation mechanism proposed for GP, results from CID and CID/OzID of isomeric
TG standards revealed an exclusive five-membered ring substitution mechanism
occurring during CID in which loss of a FA is driven by the adjacent acyl chain.
CID/OzID was employed for the analysis of sn-regioisomerism in olive oil and
human VLDL. Most biological samples were found to have a significant distribution of.
For example, analysis of two bovine extracts reveals a different relative abundance of
the sn-isomers, i.e., PC(16:0/18:1) and PC(18:1/16:0), present in cow brain and cow
kidney. In human VLDL extracts, both sn-variants TG(16:0/18:1/16:0) and
TG(18:1/16:0/16:0) were detected, whereas TG(50:1) in olive oil was found mostly in a
particular form of TG(16:0/18:1/16:0) isomer.
Another important finding from the mechanistic investigation is that only the
outer acyl chains (i.e., sn-1 of GP and sn-1/sn-3 of TG) remain on the glycerol
backbone after CID/OzID. Subjecting these characteristic ions to subsequent reaction
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with ozone; CID/OzID2 mass spectra can be used to identify the double bond position(s)
in relation to the specific sn-1/sn-3 fatty acyl chain location. Furthermore, the
CID/OzID/CID data on the broad peak pattern formed in CID/OzID preliminarily
reveals the fragile structures and complex conformations of the Criegee ions.
Interestingly, the unsaturated sn-2 FA was found to form as an aldehyde ion in this
process. This allowed (CID/OzID)2 experiments to be employed, which specifically
identified the position of the double bond in the acyl chain on this inner sn-2 position.
As a representative example, CID/OzID2 experiments detected double bonds at n9 and n-7 in the 18:1 FA at sn-1, showing the significant contribution of both PC(18:1
n-9 /16:0) and PC(18:1 n-7/16:0) to the PC(18:1/16:0) sn-positional isomer. Meanwhile

(CID/OzID)2 data indicates the presence of PC(16:0/18:1 n-9) and PC(16:0/18:1 n-7) in
cow brain but with the n-9 isomer appeared dominant over the n-7 isomer. Thus, by
examination of spectra measured using different combinations of CID and OzID, four
PC(34:1) isomers present in cow brain were unambiguously identified. TG mixtures
isolated from human VLDL were also analysed. Comparing OzID data for overall
double bond positional isomers and CID/OzID2 for double bonds in the outer FA at sn1/sn-3 revealed an increase in the proportion of n-7 double bond presenting in 18:1 sn-2
FA associated with DL&IR symptoms in patients.
Overall, combinations of CID and OzID allowed for identification of: (i) the fatty
acid position on glycerol backbone; and (ii) the correlation between double bond
position and specific sn-position. These methods are a significant step forward towards
the complete structural assignment of lipids by mass spectrometry alone. As with OzID,
the interpretation of CID/OzID spectra was relatively straight-forward and, therefore,
CID/OzID and further combinations could be used in software driven lipid structural
elucidation.
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CHAPTER 4
Differentiation of Isomeric Complex Lipids
by Radical Directed Dissociation
Mass Spectrometry

(This work has been published in Analytical Chemistry:
* Pham, H.T., T. Ly, A.J. Trevitt, T.W. Mitchell and S.J. Blanksby, Differentiation of
Complex Lipid Isomers by Radical-Directed Dissociation Mass Spectrometry. Anal.

Chem., 2012. 84(17): pp. 7525-7532.)
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4.1 Introduction
In biology, complex lipids serve numerous important functions that can be
broadly categorised as energy storage (e.g., triacylglycerols in adipose tissues),13
structural building blocks (e.g., glycerophospholipids in membrane bilayers),3 and
signaling molecules (e.g., diacylglycerols and ceramides).9,11 In all cases, the ability of
an individual lipid (or class of lipids) to perform its biochemical role is dependent on its
molecular structure. For example, phospholipids with different head-groups distribute
specifically within the cell and play an important role in lipid-sterol interactions that
affect the structure of membrane bilayers.30 Similarly, the impacts of the degree of
unsaturation and the presence of chain branching in lipid acyl chains on membrane
fluidity are well known.29,60,61
Recent studies highlight the significance of double bond position in dictating
interactions between phospholipids and cholesterol, demonstrating that this subtle
structural feature can affect membrane order.29,37 The extensive decoration of
phospholipid head-groups are often reported as the key molecular recognition features
such

as

the

polysaccharide

moieties

present

in

glycophosphatidylinositols,

glycoceramides and their derivatives.3 Increasingly however, the specific role of the
hydrophobic lipid tail is being recognised as critical to lipid-protein binding and, in
some instances, establishing the correct presentation of the head-group for subsequent
molecular-recognition events. In numerous crystal structures of the protein receptor SF1 for example, the acyl chain positions, chain length and even double bond position
appear to be much more significant to phospholipid-protein binding than the polar lipid
head-group.38,171,172 Similarly, extensive work on the structure-activity relationships
between lipid antigens and the CD1 family of glycoproteins points to the importance of
acyl chain length, relative acyl chain position, chain branching,173 and even
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stereochemistry (i.e., cis versus trans)174 in both binding and bioactivity.175 The
importance of elucidating acyl chain structure in complex lipids to inform our
understanding of both their structural and signaling functions is thus becoming
increasingly apparent.
Electrospray ionization tandem mass spectrometry has a preeminent place as a fast
and sensitive method for analysis of individual lipids within biological lipid extracts.74 In
this approach, even-electron lipid ions are generated by electrospray ionization (ESI) of a
crude lipid extract or chromatographic effluent. Pseudo-molecular ions are then massselected and subjected to collision-induced dissociation (CID) to provide structural
information. For most complex lipids, the combination of intact mass and CID product
ions can be used to derive lipid class along with the number of carbons and the degree of
unsaturation in each of the acyl chains. As such, this approach is widely and effectively
deployed in protocols for the identification of various classes of complex lipids including
glycerophospholipids (GP), sphingomyelins (SM) and triacylglycerols (TG). The low
energy (<100 eV) CID spectra of complex lipids are relatively simple with most of the ion
signal concentrated in a few abundant product ions commonly arising from heterolytic
dissociation adjacent to the head-group or the ester/amide linkages.81 While this relative
simplicity aids in the assignment of the gross structural features of the lipid, little structural
insight is gained into the C-C bonding motifs within the acyl chains themselves. As a
result, the low energy CID spectra of isomeric lipids that differ only in double bond
position or stereochemistry, chain branching or cyclic structures are identical.115,176
Intra-chain fragmentation in ionised complex lipids can be induced by employing
either (i) higher collision energies (>keV) on sector177 (and more recently tandem time-offlight91) mass spectrometers or (ii) multistage CID (MSn) on the ion-trap platforms.165,178
The broader application of these approaches appears to have been limited by the
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incompatibility of the high-energy platforms with ESI and the low sensitivity of the
multistage approach. It is noted however, that the latter has been recently improved
through the use of time-aligned-CID spectra on an ion-mobility capable quadrupole timeof-flight mass spectrometer.179 Alternative approaches to the elucidation of double bond
position in complex lipids have evolved that exploit selective ion-molecule chemistry (e.g.,
covalent adduct chemical ionization and ozone induced dissociation94,95) but these cannot
be generalised to other motifs such as chain branching points.
In contrast to the CID behaviours of even-electron ions, radical ions produced by
traditional electron ionization (EI) of lipids give rise to extensive intra-chain
fragmentation albeit on simple lipids such as fatty acids and their derivatives.102 With
appropriate control of internal energy either by derivatization,180,181 low electron energy
(30 eV),182 or employing CID on molecular ions formed under EI (so-called EICID),128,129 detailed structure elucidation of lipids including position(s) of double bonds
and chain branching has been undertaken. While powerful, these EI protocols cannot be
extrapolated to complex lipids that have both limited vapor pressure and thermal
stability. Contemporary mass spectrometric methods from the proteomics community
generate radical ions from their even-electron counterparts by electron transfer to
multiply charged ions. Such approaches have also been applied to lipids100,103 but have
not been extensively deployed because lipidomic analyses are mostly concerned with
singly charged ions. An alternative approach to the generation of radical ions from even
electron peptides and proteins is known as radical-directed dissociation (RDD).183 In
this method a photo-caged radical precursor is attached to the analytical target and
irradiation of the precursor in the MS ‘uncages’ the radical with subsequent CID of the
nascent radical ion yielding radical driven fragmentation of the precursor. Herein, two
photo-caged radical precursors, 4-iodobenzoate (IB) and 4-iodoaniline (IA) (structures
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shown in Figure 4.1), are described that include a UV-labile carbon-iodine bond and a
para-substituted functional group to affect non-covalent binding to complex lipids.

RDD of these non-covalent complexes are shown to yield fragmentation diagnostic of
lipid structure.

Figure 4.1: Structures of two photo-caged radical initiators: 4-iodobenzoate (IB) and
protonated 4-iodoaniline (IA).

4.2 Materials and Methods
4.2.1 Chemical reagents
Methanol (HPLC grade) and chloroform (AR grade) were purchased from APS
Chemicals (Sydney, Australia). 4-Iodoaniline and 4-iodobenzoic acid were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Phospholipid standards, including
dioleoylphosphatidylcholine PC(9Z-18:1/9Z-18:1), dipetroselinoylphosphatidylcholine
PC(6Z-18:1/6Z-18:1),

diarachidoylphosphatidylcholine

PC(20:0/20:0),

diphytanoylphosphatidylcholine PC(4Me16:0/4Me16:0) and oleoyl sphingomyelin (or
N-oleoyl-sphingosylphosphorylcholine) SM(d18:1/9Z-18:1) were purchased from

Avanti Polar Lipids Inc. (Alabaster, Alabama, USA). Triacylglycerol standards,
TG(16:0/16:0/9Z-18:1), TG(16:0/9Z-18:1/9Z-18:1) and TG(16:0/11Z-18:1/9Z-18:1)
were purchased from Larodan Fine Chemical AB (Malmö, Sweden). All lipid standards
were ~99% purity.
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4.2.2 Sample preparation
Sample preparation is facile, generally requiring only mixing of the lipid and the
adducting reagent in methanol in concentrations of ~10-15 µM lipid and ~20-30 µM
adducting reagent. For PC and SM experiments, concentrations of 15 µM lipid and 30
µM 4-iodobenzoic acid (IB) were used. TG samples (i.e., TG standards, olive oil and
VLDL samples) contained final concentration of ~10 µM TGs and 20 µM 4-iodoaniline
(IA) in presence of 0.5% formic acid to aid the formation of protonated iodoaniline for
charge adducting. The sample solutions were introduced into an electrospray ionization
mass spectrometer by direct infusion to generate the gaseous non-covalent complexes
[PC + IB]-, [SM + IB]- or [TG + IA]+.

4.2.3 Instrumentation
Experiments were performed using a modified electrospray ionization linear iontrap mass spectrometer (Thermo Fisher Scientific LTQ, San Jose, CA). The instrument
modification has been previously described to enable photodissociation experiments,184
and is summarised as follows: a quartz window was installed on the posterior plate of
the vacuum housing to allow transmission of 266 nm laser pulses from a flashlamppumped Nd:YAG laser (Continuum, Santa Clara, CA). The laser beam (~ 30 mJ cm-2)
was directed into the trap via two right-angle bending prisms, which were adjusted to
optimise beam alignment with the ion cloud. Two adjustable pinhole apertures placed
co-axially with the ion trap limited the beam angle and spot size.
Pulses were synchronised to the beginning of the activation step of a typical MSn
experiment by feeding a differential signal from the instrument to the laser via a digital
delay generator (Berkeley Nucleonics, San Rafael, CA). The MS stage was
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synchronised with the laser using the diagnostics menu of the default instrument tuning
software. Typical source parameters including: spray voltage -3.5 to +4.5 kV; capillary
temperature 250°C; sheath gas flow between 6 and 20 (arbitrary units); and sweep and
auxiliary gas flow set at between 0 and 5 (arbitrary units). Ions were mass-selected with
a window of 1-5 Da and activated by either collision-induced dissociation (CID),
photodissociation (PD) or pulsed-Q dissociation (PQD) as outlined in the text, using
default instrument MS2 parameters. Typically 50-100 scans are average for each
spectrum to obtain desired signal-to-noise ratio.

4.3 Results and Discussion
4.3.1 RDD of unsaturated glycerophospholipids
ESI of methanolic solutions containing the PC(9Z-18:1/9Z-18:1) and 4iodobenzoic acid yielded two major peaks in the mass spectrum corresponding to 4iodobenzoate and the non-covalent complex [PC + IB]-. Such adduct ions are analogous
to the formate and acetate complexes widely used in PC analysis,185,186 and the CID
spectrum of [PC + IB]- ions are also consistent with prior reports of carboxylate adducts
showing predominantly demethylated phosphatidylcholine [PC - CH3]- via loss of
methyl iodobenzoate (see Figure S4.1a,b of Supplementary Information).160 In contrast,
photodissociation of the [PC + IB]- (m/z 1032) using a 266 nm laser produced a major
product ion at m/z 905 arising from the loss of atomic iodine (Figure 4.2a). Cleavage of
the carbon-iodine bond in PD process initially generates a reactive phenyl radical within
the complex as illustrated in Scheme 4.1 below.
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Scheme 4.1: Proposed pathway for formation of the radical anion, [PC - CH3 - H]•− in
RDD.

Given the reactivity of the nascent phenyl radical, abstraction of a hydrogen
atom from the PC is exothermic and thus likely to be facile (i.e., the C-H bond
dissociation energy in benzene is 112.9 kcal mol-1 while aliphatic C-H bonds are < 98.4
kcal mol-1).187 Evidence for H-abstraction is provided by the CID spectrum of m/z 905
(Figure 4.2b) that is dominated by neutral loss of methyl benzoate resulting in a [PC CH3 - H]•- radical anion at m/z 769. Subsequent CID of the m/z 769 (Figure 4.2c) yields
both even-electron product ions, analogous to those derived from CID of the evenelectron [PC - CH3]- precursor ion at m/z 770 (Figure 4.2d), but also a richer
fragmentation that includes carbon-carbon bond dissociation along the alkenyl chain.
The presence of well-recognised product ions in Figure 4.2(c), such as those derived
from neutral losses of the 18:1 fatty acyl chains (m/z 488 and 506),188 allow
identification of the acyl moieties while the fragments arising from radical-directed
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dissociation may be used to characterise the intra-chain bonding motifs within the fatty
acyl substituents.

Figure 4.2: (a) PD (266 nm) of the [PC(9Z-18:1/9Z-18:1) + IB]- complex at m/z 1032.
(b) CID of the resulting [PC(9Z-18:1/9Z-18:1) + IB - I]•- at m/z 905. (c) Subsequent CID
of [PC - CH3 - H]•- at m/z 769 results in the RDD spectrum. (d) CID of the even-electron
[PC - CH3]- ion at m/z 770.
RDD spectra obtained from the phosphatidylcholines PC(9Z-18:1/9Z-18:1) and
PC(6Z-18:1/6Z-18:1) are compared in Figure 4.3 and show clear differences arising
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from different double bond positions within each isomer that are absent in conventional
negative ion MS3 (CID) mass spectra obtained from the same compounds (Figure
S4.1c,d).

Figure 4.3: RDD mass spectra acquired from [PC + IB]- adducts for: (a) PC(9Z18:1/9Z-18:1) and (b) PC(6Z-18:1/6Z-18:1). Product ions with a distinctive spacing of
12 Da are labelled with symbols () and coincide with the positions of double bonds in
each case.
The rich fragmentation present in the RDD spectra, particularly within mass
range from 550-800 Da, can be rationalised as arising from radical-directed processes.
For example, the intense ion signal at m/z 725 is assigned as loss of •N(CH3)2 from the
phosphocholine head-group, which is likely due to β-scission from an α-phosphate
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radical. Other product ions in this region result from intra-chain carbon-carbon bond
cleavages giving rise to a series of alkyl radical (e.g., •C6H13, •C7H15 etc.) or alkene (e.g.,
C6H12, C7H14 etc.) losses.
The spacing between adjacent peaks in these spectra is typically 14 Da, which is
consistent with cleavages at different methylene positions on the fatty acyl chain. An
exception occurs for PC(9Z-18:1/9Z-18:1) in the spacing between the peaks at m/z 642
and 630 that correspond to neutral losses of the alkyl •C9H19 and alkenyl •C10H19
radicals, respectively. Here a spacing of 12 Da (indicated by the  symbols in Figure
4.3a) that coincides with the 9Z-double bond position in this lipid is observed as an
analogous feature for the 6Z-double bond in the RDD spectrum of the PC(6Z-18:1/6Z18:1) isomer (Figure 4.3b). Scission of the double bond has been observed previously in
the high energy CID fragmentation of unsaturated fatty acids and has been proposed to
proceed via rearrangement of the double bond.189 Although the mechanisms of product
ion formation here are not completely understood, some plausible unimolecular
dissociation pathways that account for the significant fragmentation behaviours are
provided as Supporting Information (see Schemes S4.1-S4.3). Irrespective of mechanism
however, the diagnostic peak spacing of 12 Da at the site of the double bond provides for
the unambiguous assignment of this structural feature in these phosphatidylcholine
isomers. Indeed, this pattern of peak spacing (i.e., 12 Da at the double bond location and
14 Da otherwise) has been used successfully to differentiate double bond isomers in
unsaturated fatty acid derivatives using EI102 and high energy CID.190
Other phospholipid classes were also found to form complexes with IB, such as
phosphatidylethanolamine (PE) in Figure 4.4 and phosphatidylserine (PS) displayed in
Figure 4.5. However, due to the absence of the fixed charge present in PC, the noncovalent complexation to PE and PS was not as efficient and adduct ions incorporating
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sodium, such as [M - H + Na + IB]- were found to be more abundant. PD of these
complexes gave rise to radical anions derived from either loss of atomic iodine or
concomitant loss of iodine and benzoic acid in Figure 4.4(a) and 4.5(a). It was shown
that subsequent CID of either the [M - H + Na + IB - I]•- or the [M - H + Na - H]•product ions could yield structurally diagnostic RDD spectra in Figures 4.4 and 4.5,
respectively for PE and PS head-group classes. In both cases patterns of alkyl radical
losses similar to those obtained with PC were observed and the characteristic peak
spacing of 12 Da corresponding to the site of unsaturation was preserved.

Figure 4.4: Mass spectra acquired in negative ion mode for phosphatidylethanolamine
in the presence of sodium acetate and 4-iodobenzoic acid. (a) Mass-selection and
photodissociation of [PE(16:0/9Z-18:1) - H + Na + IB]- adduct ion at m/z 986 gives rise
to a radical anion ion [PE(16:0/9Z-18:1) - H + Na + IB - I]•- at m/z 859 and (b)
subsequent CID gives the RDD spectrum. Significantly the fragmentation pattern shows
as spacing of 12 Da at the site of the ∆9-double bond (indicated by the symbol ).
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Figure 4.5: (a) PD spectrum of the phosphatidylserine PS(16:0/9Z-18:1) adducted to
iodobenzoic acid and sodium [PS(16:0/9Z-18:1) - H + Na + IB]-. (b) RDD spectrum
acquired upon collision induced dissociation of the m/z 781 radical ion ion [PS(16:0/9Z18:1) - H + Na - H]•- a produced from PD with and (c) a magnified region of the RDD
spectrum shown in (b). The 12 Da spacing is indicated by the symbols () and
corresponds to the ∆9-double bond position in the oleoyl chain.
The abundant fragment at m/z 715 in Figure 4.4(b) is assigned as loss of sodium
benzoate (144 Da) to form the [PE - H]•- radical ion which can also be exploited for
subsequent RDD (data not shown). It is also noted that the m/z assigned to the adduct
ions [PS(16:0/9Z-18:1) - H + Na + IB]- and radical product ion [PS(16:0/9Z-18:1) - H +
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Na + IB - I]•- in Figure 4.5(a) are lower than the expected m/z by ca. 0.7 Da. This peak
fronting combined with the significant broadening of these signals (data not shown) are
indicative of the dissociation of these fragile non-covalent complexes leading to early
ion-ejection from the linear ion-trap mass spectrometer and is consistent with prior
reports of this phenomenon.169

4.3.2 RDD of unsaturated sphingomyelins
The fixed charge, trimethylammonium moiety in sphingomyelins (SM) means
this class is also amenable towards complexation with iodobenzoate. PD of the adduct
ion [SM(d18:1/9Z-18:1) + IB]- at m/z 975 gave rise to the loss of I• to form a radical
anion at m/z 848 in Figure 4.6(a). Subsequent CID performed on this odd electron
species results in the demethylated sphingomyelin radical ion [SM - CH3 - H]•- at m/z
712 due to the neutral loss of methyl benzoate (Figure 4.6b). The spectrum arising from
further CID of this ion in Figure 4.6(c) yields RDD processes with a series of alkyl
radical losses including two distinctive pairs of “doubled peaks”. The first such pattern
at m/z 585 results in a 12 Da spacing between fragments arising from chain cleavage at
the C9 and C10 positions analogous to the sequence for the monounsaturated oleoyl
chain in PCs. While m/z 585 ion is consistent with the 127 Da neutral loss of a saturated
•

C9H19 radical, the companion ion at m/z 587 is resulted from the 125 Da neutral loss of

an unsaturated •C9H17 radical. Importantly however, the same pattern is reflected in all
∆9-unsaturated phospholipids investigated here including PC(9Z-18:1/9Z-18:1) (Figure
4.3a), PE(16:0/9Z-18:1) (Figure 4.4b) and PS(16:0/9Z-18:1) (Figure 4.5c).
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Figure 4.6: (a) PD mass spectrum of the [SM(d18:1/9Z-18:1) + IB]- adduct ions, (b)
The PD/CID spectrum of m/z 848 produces the lipid radical anion [SM – CH3 – H]- at
m/z 712. (c) The RDD spectrum for SM(d18:1/9Z-18:1) acquired by CID of m/z 712

reveals 12 Da peak spacing (indicated by the symbols ) corresponding to the carboncarbon double bond positions on both the acyl chain and the sphingosine backbone.
As noted earlier, the RDD spectrum of SM(d18:1/9Z-18:1) reveals two examples
of this 12 Da peak spacing phenomenon. The first one is associated with the ∆9-double
bond on the oleoyl chain, and a second such feature with peaks at m/z 515 and 517
(Figure 4.6(c)) arising from neutral losses of 197 and 195 Da, respectively. The latter
can be attributed to ejection of a saturated (•C14H29) and an unsaturated (•C14H27) radical
with cleavage of the carbon-carbon double bond in the sphingosine backbone. This
example, combined with data from the ∆9-phospholipids, suggests a general trend in the
radical-induced dissociation at the position(s) of unsaturation in phospholipids. The
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spectrum obtained for PC(6Z-18:1/6Z-18:1) (Figure 4.3b) is an exception however, only
showing the product ion resulting from loss of the saturated •C12H25 radical (m/z 600)
with no prominent companion ion at m/z 602. This may reflect a change in mechanism
but could also be a symptom of the overall lower signal-to-noise ratio of these features
in the spectrum of this isomer. Finally, the RDD spectrum in Figure 4.6(c) of the
sphingomyelin indicates an intense peak at m/z 473 for which no analogous signals are
observed in the glycerophospholipids investigated thus far. This ion corresponds to a
neutral loss of the C15H29•CHOH from the sphingosine backbone and represents a useful
marker for the sphingomyelin lipid class. Together these data suggest that RDD is a
sensitive probe for the identification and characterisation of sphingomyelins.
Importantly, this approach provides for unambiguous assignment of double bond
position(s) within these molecules allowing, among other things, differentiation of
sphingomyelins from isomeric dihydrosphingomyelins.

4.3.3 RDD of saturated branched phosphatidylcholines
The capacity of RDD to distinguish differing substitution patterns within
saturated fatty acid substituents was also examined. Specifically, the behaviour of
saturated non-branching arachidoyl (20:0) moiety was compared to that of the branched
phytanoyl (4Me16:0) substituents in isomeric PC. Once again, when such isomeric
chain motifs are present within complex lipids, they cannot be discriminated by
conventional CID spectra of even-electron precursor ions. For example, MS3 spectra of
these two isomers as adducts [PC(20:0)2 + IB]– and [PC(4Me16:0)2 + IB]- (Figure
S4.2(b) and (c) of Supplementary Information) yield identical product ions. Shown in
Figure 4.7(a) and 4.7(b) are PD spectra of these isomeric [PC + IB]- adduct ions that
reveal radical ion products corresponding to [PC + IB - I]•- at m/z 965. RDD spectra
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shown in Figure 4.7(c,d) were acquired by sequentially applying CID on the radical ion
produced from each isomer.

Figure 4.7: PD spectra of (a) [PC(20:0/20:0) + IB]- and (b) [PC(4Me16:0/4Me16:0) +
IB]-. RDD spectra from (c) PC(4Me16:0/4Me16:0) and (d) PC(20:0/20:0). Note that the
same magnifications indicated in spectrum (c) are also applied to (d).
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Unlike the unsaturated PC discussed above, subsequent CID of these radical
anions does not result in demethylation of the phosphatidylcholine (i.e., [PC - H - CH3]•are not observed). Instead, the spectra in Figures 4.7(c) and (d) are dominated by the
product ion at m/z 785 corresponding to the combined neutral loss of methyl benzoate
and the dimethylaminyl radical. The neutral loss of fatty acyl chains as hydrogen
deficient radicals (i.e., 311 Da) is also observed at m/z 654 although at significantly
lower abundance. The presence of these product ions in the RDD spectra of both PCs
suggest that in the absence of the activated allylic hydrogens present in unsaturated
lipids, initial hydrogen atom abstraction can occur from either the head-group (giving
rise to m/z 785) or the glycerol backbone (giving rise to m/z 654). In addition to these
product ions, the RDD spectrum of PC(4Me16:0/4Me16:0) (Figure 4.7c) reveals an
array of low abundance product ions that clearly differentiate it from its straight chain
isomer (Figure 4.7d).
Closer examination of this fragmentation pattern reveals that these product ions
arise from neutral losses corresponding to the alkyl radicals: •C3H7, •C5H11, •C8H17,
C10H21, •C13H27 and •C15H31. The presence of these features in the RDD spectrum of the

•

diphytanoyl isomer and their absence in the diarachidoyl species is consistent with
greater propensity for hydrogen atom abstraction from the tertiary carbons present in
these acyl chains of the former. Indeed, the formation and fate of radicals at the
branching positions can account for the dissociation observed in Figure 4.7(c) that arises
from either (i) β-scission from tertiary radicals located at the branching points (e.g., βscission from a C11-tertiary radical gives the m/z 894 product ion with a neutral loss of
•

C5H11) or (ii) ejection of a tertiary radical by cleavage adjacent to the branching point

(e.g., dissociation of the C10-C11 bond leads to the m/z 852 product ion with the neutral
loss of •C8H17 incorporating the C11-tertiary radical). The pattern of alkyl radical losses
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in the RDD spectrum is thus diagnostic of the positions of the four methyl branching
groups on C16:0 backbone of phytanoyl substituents. This predictable fragmentation
behaviour suggests that such patterns can be used to identify the position(s) of chain
branching where such motifs are present in complex lipids complementing the recent
observations for simple lipids by EI-CID.129

4.3.4 RDD of unsaturated triacylglycerols
Ionisation of non-polar TG lipids is commonly achieved by adduct formation
with ammonium or sodium cations during ESI.82,158 Protonated 4-iodoaniline (IA) is
therefore a convenient non-covalent radical initiator for TGs as it incorporates the
ammonium functional group, the aromatic chromophore and the photolabile C-I bond.
Non-covalent complexes were thus prepared by ESI of methanolic solutions of TG and
IA. Conventional CID of [TG + IA]+ complexes resulted in the loss of iodoaniline to
form protonated TG as well as loss of iodoaniline coupled with neutral losses of fatty
acid substituents (data not shown) directly paralleling the reported behaviour of [TG +
NH4]+ adduct ions.82 In contrast, photodissociation mass spectra of [TG + IA]+
complexes show loss of atomic iodine resulting in odd-electron product ions, e.g., m/z
925 for TG(16:0/16:0/9Z-18:1) (Figure 4.8a) and m/z 951 for TG(16:0/9Z-18:1/9Z-18:1)
(Figure 4.8b). Subsequent CID of these radical ions does not give rise to neutral loss of
aniline but rather radical-directed dissociation of the unsaturated acyl chains is observed
(Figure 4.8c-e).
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Figure 4.8: PD spectra of (a) [TG(16:0/16:0/9Z-18:1) + IA]+ and (b) [TG(16:0/9Z18:1/9Z-18:1) + IA]+. RDD spectra obtained from [TG + IA]+ complexes for: (c)
TG(16:0/16:0/9Z-18:1), (d) TG(16:0/9Z-18:1/9Z-18:1) and (e) TG(16:0/11Z-18:1/9Z18:1).
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RDD spectra from the ∆9-unsaturated lipids TG(16:0/16:0/9Z-18:1) and
TG(16:0/9Z-18:1/9Z-18:1) both show four abundant product ions arising from neutral
loss of the alkyl radicals C4H9•, C5H11•, C8H17• and C9H19• (Figures 4.8c and d). While
the equivalent product ions also arise from the analogous ∆9-double bond in
TG(16:0/11Z-18:1/9Z-18:1), an additional quartet is observed – offset by 28 Da –
indicative of the ∆11-position of unsaturation (Figure 4.8e). These data suggest a
predictability that can be used to elucidate double bond position in unsaturated TGs but
also hint at the central role of this motif in the RDD process.
One possible rationale for this fragmentation is outlined in Scheme 4.2 wherein
the nascent phenyl radical, unmasked by photodissociation, undergoes facile addition to
the carbon-carbon double bond. Based on precedent from peptide RDD results, the
radical is expected to swiftly migrate to a stabilised position such that the putative
structures for the radicals ultimately isolated are benzylic species. Given that the initial
addition can occur at either of the sp2-carbons, two isomeric benzyl radicals are possible
with subsequent dissociation accounting for the four major product ions with two
products from each position of attachment. The presence of the anilinium moiety in
each of the four products and the absence of any abundant product ions arising from
neutral or charged aniline supports the proposition of covalent bond formation between
the charge carrier and the lipid. The precise mechanism for radical rearrangement and
subsequent dissociation are likely to be complex and are the subject of ongoing
investigations.
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Scheme 4.2: The proposed pathways for RDD of [TG + IA]+ complexes. The m/z
values correspond to observed ions in Figure 4.8(c).

RDD using the iodoaniline agent was used to examine TGs in several
biologically derived lipid extracts. Figure 4.9(a) shows the RDD mass spectrum of the
[TG(50:1) + IA]+ adduct ion formed from ESI of an unfractionated olive oil extract in
the presence of 4-iodoaniline. Four of the major product ions observed in this spectrum
(i.e., m/z 868, 854, 812 and 798) are identical to those observed in the analogous
spectrum obtained from synthetic standard of TG(16:0/16:0/9Z-18:1) (Figure 4.8c).
Interestingly however, another set of four peaks are also observed at minor abundance
(i.e., m/z 896, 882, 840 and 826) that are consistent with the neutral losses observed for
the ∆11-synthetic standard TG(16:0/11Z-18:1/9Z-18:1) (Figure 4.8e). This result
suggests more than one isomer of the mono-unsaturated TG is present in the olive oil
extract.
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Figure 4.9: RDD spectra of [TG(50:1) + IA]+ adduct ions at m/z 925 obtained from: (a)
an olive oil extract; extracts of very-low density lipoprotein (VLDL) obtained from (b)
control patients and (c) patients with dyslipidemia and insulin resistance.191 (d) The
abundance of product ions arising from ∆11-double bond positional isomers plotted as a
percentage of the analogous ∆9 product ions obtained from RDD of the triacylglycerols,
TG(50:1) and TG(52:2), extracted from very-low density lipoprotein (VLDL). Mean
and standard deviations of measurements made for VLDL samples obtained from n = 4
subjects in each of two patient groups. * indicates a p<0.05.
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Conventional CID of TG(50:1) from olive oil reveals that the dominant acyl
chain combination includes two 16:0 and one 18:1 (ca. 99% see Figure S4.3a).
Furthermore, the relative abundances of product ions arising from neutral losses of these
substituents in the CID spectra can be used in conjunction with a previously established
calibration38 to estimate the relative percentages of sn-positional isomers present in the
mixture as 94% TG(16:0/18:1/16:0) and 6% TG(16:0/16:0/18:1). However, the
presence of other motifs of molecular regioimerism in the lipid extracts cannot be
identified from CID data alone. Combining the information derived from CID and RDD
observations demonstrates that the TG(50:1) species present in the olive oil extract
represent a mixture of up to four isomers including two sn-positional isomers as well as
double bond positional variants bearing either an ∆9-18:1 or an ∆11-18:1 substituent.
What cannot be directly established from these data is whether the isomeric 18:1 chains
prefer a particular position on the glycerol backbone as had been inferred in other
instances.64,76
Representative RDD mass spectra of TG(50:1) present in very-low density
lipoprotein (VLDL) are obtained for extracts derived from (i) control patients (Figure
4.9b) of (ii) those diagnosed with dyslipidemia and insulin resistance (DL&IR) (Figure
4.9c). Both spectra were obtained under identical experimental conditions and thus the
difference in abundance of the quartet of ions indicating the presence of a ∆9-double
bond and that characteristic of the ∆11-double bond confirm that these features arise
from mixtures of different compositions. In contrast, CID analysis of the same samples
gave rise to almost indistinguishable spectra as shown in Figure S4.3 of Supplementary
Information. Comparison of the ion abundances of ∆11-related signals with those arising
from ∆9-double bond variants was used as an estimate of isomer proportions in VLDL
extracts from four individuals in each of the two patient groups. This analysis was
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performed for the triacylglycerols, TG(50:1) and TG(52:2), and the results of this
analysis are shown in Figure 4.9(d). These data indicate that while the isomeric
composition of TG(52:2) is stable between the two groups, a significant increase in the
relative population of ∆11-isomers is observed in DL&IR patients: a finding consistent
with our previous observations of these cohorts using a completely independent
approach.76

4.4 Conclusions
RDD has been demonstrated for a wide variety of complex lipids covering the
major classes of glycerophospholipids, sphingomyelins and triacylglycerols. Unlike
conventional CID spectra, RDD spectra obtained from complex lipids show a rich
fragmentation chemistry arising from dissociation of the acyl chains and can thus be
used to distinguish isomeric lipids differing in double bond position or chain-branching.
The application of RDD to the analysis of biologically derived lipid extracts
demonstrates the capabilities of this technology in providing information rich mass
spectra directly from complex samples. While the complexity of these spectra is clearly
greater than that obtained from synthetic lipids of known structure, they provide clear
evidence for the presence of multiple isomeric lipid variants at a given m/z and can even
give an indication of variation in the relative abundance of these contributors. This
capability has yet to be demonstrated for most of the other technologies described above
and thus represents a clear advantage of the RDD approach. Ozone-induced dissociation
(OzID) is the exception to this, as it too has proved capable of identifying the presence
of multiple isomeric lipids within complex extracts and indeed has some advantages
over RDD in that it does not require formation of a special adduct ion and has
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fragmentation chemistry that is entirely predictable.38 OzID is however selective for the
identification of carbon-carbon double bond positions only whereas the free radical
driven processes in RDD provide information on a wider array of structural variants.
For example, in addition to the chain-branching demonstrated here, carbocyclic motifs
and sites of oxidative lipid modification are also likely to provide diagnostic RDD
fragmentation.
The ability to tailor the adducting group to suit the lipid class under investigation
is also advantageous and it is interesting to note that this results in subtle but interesting
alterations in the pathways for radical ion formation. For example, for the negatively
charge iodobenzoate adducts of PC and SM lipids dissociation is primarily driven by
hydrogen atom abstraction (cf. Scheme 4.1) while for the positively charged
iodoanilium adducts of TGs addition of the nascent radical to the site(s) of unsaturation
accounts for most of the product ions (cf. Scheme 4.2). These differences warrant
further investigation as they may suggest ways in which the dissociation chemistry can
be further manipulated for greater sensitivity and selectivity of the approach.
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4.5 Supplementary Information
Scheme S4.1. Pathway for formation of the radical anion, [PC(9Z-18:1/9Z-18:1) - CH3 H]•− during RDD as shown in Figure 4.2.

Scheme S4.2. Possible structures for the [PC(9Z-18:1/9Z-18:1) - CH3 - H]•− hydrogen
deficient radicals formed by abstraction of a labile hydrogen from different sites within
the phospholipid. Structures of β-scission dissociation product ions arising from these
isomeric forms of the radical anion at m/z 769 species are also shown. The m/z of these
RDD product ions are indicated and account for some of the peaks in the RDD spectra
shown in Figure 4.2(c) and Figure 4.3(a).
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Scheme S4.3. Simple cleavage (β-scission) products from the two isomeric acyl chain
allyl radicals are indicated along with product ions arising from rearrangement by
intramolecular hydrogen atom transfer. These mechanisms can account for the
“doubled-peak” feature (i.e., m/z 644 and 642) in Figure 4.3(a) that is indicative of the
∆9 double bond.
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Figure S4.1: CID spectra of the adduct ions of isomeric phosphatidylcholines (a)
PC(9Z-18:1/9Z-18:1) and (b) PC(6Z-18:1/6Z-18:1) show formation of the [PC - CH3]anions at m/z 770. MS3 spectra arising from CID of [PC - CH3]- arising from each of
the isomers (c) PC(9Z-18:1/9Z-18:1) and (d) PC(6Z-18:1/6Z-18:1) are indistinguishable.
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Figure

S4.2:

Conventional

phosphatidylcholines,

CID

spectra

obtained

diarachidoylphosphatidylcholine

from

two

PC(20:0)2

isomeric
and

diphytanoylphosphatidylcholine PC(4Me16:0)2, under identical instrumental conditions.
(a) CID of [PC(20:0)2 + IB]- shows one main product ion [PC - CH3]- at m/z 830. The
MS3 spectra acquired by performing CID on the m/z 830 ions resulted from (b)
PC(20:0)2 and (c) PC(4Me16:0)2, respectively.
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Figure S4.3: CID spectra of [TG(50:1) + Na]+ precursor ions at m/z 855 obtained from
ESI of the following: (a) an olive oil extract; extracts of very-low density lipoprotein
(VLDL) obtained from (b) control patients and (c) patients with dyslipidemia and
insulin resistance; and the standard reference compounds (d) TG(16:0/9Z-18:1/16:0)
and (e) TG(16:0/16:0/9Z-18:1).
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CHAPTER 5

Rapid Differentiation of Isomeric Lipids by
Photodissociation Mass Spectrometry
of Fatty Acid Derivatives

(This work has been published in Rapid Communications in Mass Spectrometry:
Pham, H.T., A. J Trevitt, T.W. Mitchell, and S.J. Blanksby, Rapid differentiation of
isomeric lipids by photodissociation mass spectrometry of fatty acid derivatives. Rapid

Commun. Mass Spectrom. 2013, 27(7): pp. 805-815.)
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5.1 Introduction
Traditional mass spectrometric analysis of fatty acids (FA) involves: (i) a
chemical derivatisation step to enhance the volatilisation of these lipids; (ii) separation
by gas-chromatography; and (iii) ionisation, most commonly by electron ionisation (EI).
By far the most widely used method of chemical modification is to convert free fatty
acids to fatty acid methyl esters (FAME), which have desirable chromatographic
properties.93,102 Observation of the molecular ion in a conventional EI (70 eV) spectrum
of a FAME allows the assignment of carbon-chain length and degree of unsaturation,
complementing information derived from GC retention time. Unfortunately, the
molecular ions arising from EI of FAME are typically low in abundance with much of
the signal intensity found in peaks corresponding to dissociation and/or rearrangements
of the molecular framework, e.g., a base peak at m/z 74 is common and arises from the
McLafferty rearrangement.102,127 Furthermore, even when the stoichiometry of the lipid
can be determined from the EI mass spectrum, distinguishing it from possible isomeric
variants is difficult due to scrambling of molecular information driven by the high
energy of the EI process. For example, EI cannot distinguish unsaturated FAME
isomers due to the migration of double bonds prior to dissociation of the molecular
ion.127 Although such effects can be modulated in some instances by reducing the EI
energy,182 in general, distinguishing between isomeric FAME relies on their separation
by GC and comparison of retention times with authentic compounds. This too presents
challenges

where

appropriate

reference

compounds

are

not

available

or

chromatographic resolution is poor resulting in overlapped peaks.39,192 The inability to
assign fatty acid structures unambiguously or even the possibility of misassignments is
thus a significant limitation of current technologies. In particular, such limitations mask
the full extent of natural variation in lipid structure (e.g., the positions of branched
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motifs or site(s) of unsaturation) and thus, the distinct biochemical and biophysical roles
of individual lipid species are more difficult to uncover.29,37,38
As a result these aforementioned limitations in EI analysis of FAME, other
derivatisation strategies have emerged to enhance the structure-specificity of fatty acid
analysis by GC-MS. Notable among these are the use of picolinyl esters193 or 4,4dimethyloxazoline (DMOX) derivatisation.41,181 These modifications introduce a
nitrogen heterocycle that when subjected to conventional EI can effectively sequester
the charge thus enhancing the abundance of the molecular ion and facilitating the
formation of more structurally diagnostic product ions. For example, the observation of
a 12 Da (or 26 Da in some cases) peak spacing in EI spectra of picolinyl ester or
DMOX derivatives can be used to assign carbon-carbon double bond position(s) in
unsaturated fatty acids.180 Although this represents a significant improvement over
FAME derivatives, there are still limitations in this approach. For example, EI of
DMOX derivatives do not yield diagnostic details of methyl branching points within
saturated acyl chains.41,102 Branched lipids, especially methyl branched fatty acids, are
wide spread in nature194 where they are thought to have essential roles in
metabolism.57,58 Thus mass spectrometric methods capable of also revealing lipid
isomerism arising from chain-branching are desirable. One approach, pioneered by
Zirrolli and Murphy,128 involved mass-selection of the low abundant molecular ions
arising from EI of FAME and subjecting these to low energy collision-induced
dissociation (CID) on a tandem mass spectrometer. The resulting EI-CID mass spectra
successfully differentiated non-branched and branched acyl chains. In the case of the
straight-chain variants, almost identical product ion abundances arising from the
cleavage of every carbon-carbon bond were observed in the EI-CID spectrum and
resulted in regular peak spacing of 14 Da. In contrast, for the branched-chain species,
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carbon-carbon bond cleavage was enhanced on either side of the tertiary carbons
leading to a characteristic gap of 28 Da that allowed the position(s) of methyl
substitution to be assigned. The mechanism of EI-CID fragmentation was studied by
isotope-labelling experiments which revealed that radical-driven fragmentation was the
most probably responsible for these spectral patterns.128 Recently, EI-CID was extended
by Brenna and co-workers129 to examine a series of saturated branched-chain FAME
synthetic standards. They were able to establish an exhaustive look-up table of
diagnostic product ions for determining the methyl branching points. It was noted
however, that the sensitivity in detecting these features reduces as the position of
methyl-substitution approaches the ester moiety. Notably therefore, the predicted peak
assigning a branch point at the C3-position is often absent in the EI-CID spectrum.
Although powerful, one disadvantage of EI-CID is the inherently low abundance of the
required molecular ions such that only a very small number of ionised molecules retain
the necessary structural information for tandem MS analysis.
Due to recent advances in fast and efficient liquid chromatography (LC)
protocols, LC-MS is gaining wider acceptance as an alternative approach to the
identification and quantification of fatty acids in biological extracts.40,195 Location of
double bonds within a particular acyl chain is found to significantly affect LC providing
desirable chromatographic resolution of isomers – particularly in the presence of silver
ions196,197 – however, the unambiguous assignment of this structural feature still relies
on retention times and comparison with standard compounds (cf. GC discussion above).
Therefore ion activation methods that produce diagnostic mass spectra and are also
compatible with LC protocols are of increasing interest. Given the presence of the
carboxylate moiety, [M - H]- ions generated by electrospray ionisation (ESI) are
common targets for fatty acid identification in LC-MS protocols. Conventional (low
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energy) CID mass spectra of these ions are typically dominated by loss of carbon
dioxide and thus do not reveal details of the structure of the hydrocarbon chain although
recent work suggests the relative abundance of these ions can be a useful probe.198 Hsu
and Turk199 have shown that the addition of lithium salts can give rise to abundant [M H + Li2]+ ions that upon CID undergo carbon-carbon bond cleavage at vinylic and
allylic positions that can be exploited in localising double bond positions. This, and
related approaches, have been successfully deployed for the LC-MS identification of
unusual fatty acids in complex mixtures.200 An alternative approach to promote evenelectron fragmentation at carbon-carbon double bonds is to undertake chemical
modification of the motif itself. For example, ozonolysis of lipids in a thin film114 or
pre-treatment of extracts with osmium tetroxide (OsO4)115 modify the targeted
functional group by oxidation making it susceptible to cleavage upon CID. Such
chemical derivatisations do increase the complexity of the mixture and may cause
significant and undesirable changes in LC behaviours depending on how many sites are
modified. Alternative methods exploit selective chemistries in the gas phase, such as
ozone-induced dissociation95 and covalent adduct chemical ionisation.93 These are
powerful methods for the identification of carbon-carbon double bond positions in
unsaturated lipids and both are compatible with LC-MS workflows but are unable to
obtain information on other structural features in the lipid such as position(s) of chain
branching.
Conceptually it is attractive to exploit radical-driven dissociation (cf. EI-CID) but
in combination with high ion yields, well-defined dissociation energetics and in a
manner compatible with LC-MS. In this vein we have recently introduced radicaldirected dissociation (RDD) to the structural analysis of complex lipids.201 In this
approach even-electron complexes are formed between the target lipids and a suitable
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radical initiator during ESI. Mass-selection of the complex and subsequent laser
irradiation gives rise to odd-electron ions, which upon further activation by low energy
CID results in extensive dissociation of the carbon-carbon bonding framework. RDD is
thus able to unambiguously identify double-bond position(s) as well as differentiate
between isomeric branched and non-branched acyl chains within complex lipids. As we
will show however, the non-covalent attachment of radical initiators to lipids is not
applicable to the structural analysis of simple lipids such as isomeric fatty acids. Here
we describe an alternative strategy tailored to fatty acid analysis that exploits a standard
chemical derivatisation procedure to covalently attach a chromophore to the lipid that
incorporates a UV-labile carbon-iodine bond. Examination of a suite of so-modified
fatty acids by both PD and RDD reveals highly sensitive and selective fragmentation
that can successfully differentiate isomeric fatty acids differing only in location of
carbon-carbon double bond(s) or branching point(s).

5.2 Experimental methods
5.2.1 Chemicals and reagents
HPLC grade methanol, chloroform, pentane and acetonitrile solvents were
obtained from Ajax Finechem (Sydney, NSW, Australia) and were used without further
purification. The following fatty acid standards (~99% purity) were purchased from NuChek Prep (Elysian, Minnesota, USA): linoleic acid FA (9Z,12Z-18:2); petroselinic acid
FA (6Z-18:1); petroselaidic acid FA (6E-18:1); oleic acid FA (9Z-18:1); elaidic acid FA
(9E-18:1); cis-vaccenic acid FA (11Z-18:1); ricinoleic acid 12-OHFA (9Z-18:1); and
12-hydroxy stearic acid 12-OHFA (18:0). Two saturated (non-branched and branched
chains) fatty acid isomers were purchased from Sigma-Aldrich (Castle Hill, Australia):
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arachidic acid (99%) FA (20:0) and phytanic acid (96%) FA (4Me16:0). Other reagents
for derivatisation including boron trifluoride (BF3) 10% in methanol solution, 4iodoaniline (98%), 4-iodobenzyl alcohol (97%) and sodium acetate and sulphuric acid
(98%) were also purchased from Sigma-Aldrich (Castle Hill, Australia).
In this chapter, it is sometimes instructive to indicate the double bond position
within a fatty acid or derivative without specific reference to the stereochemistry. So
here we adopt the commonly used ∆x nomenclature indicating that the double bond is
located at the xth carbon-carbon bond counting from the carboxylate moiety,24 e.g., the
carbon-carbon double bond in oleic acid is Δ9.

5.2.2 Sample preparation
A chemical reaction between a fatty acid and 4-iodobenzyl alcohol is initiated in
the presence of a 2% sulphuric acid catalyst (Scheme 5.1). The esterification procedure
was conducted as follows: approximately 1 mg of fatty acid and 5 mg of 4-iodobenzyl
alcohol were dissolved in 1 mL acetonitrile in a 3 mL glass vial. Concentrated sulphuric
acid (20 µL) was added to the mixture to obtain a final concentration of 2% (v/v) in
solution, followed by heating at 80oC for 30-45 minutes in a water bath. After cooling,
water (0.5 mL) and pentane (1 mL) were sequentially added to the solution. The
reaction mixture was shaken several times to separate the aqueous and organic
components: the desired ester is partitioned into the non-polar organic layer. The upper
phase (i.e., pentane) was then collected with a fatty acid 4-iodobenzyl ester (FAIBE)
concentration of approximately 3 mM. Prior to ESI-MS experiments, samples were
prepared by diluting the pentane extracts to 10-20 µM of FAIBE derivatives in
methanol. Sodium (or lithium) acetate was added to the sample solutions to a final
concentration of 50 µM. FAIBE yields achieved under these conditions were estimated
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to be > 90% with the exception of the hydroxy fatty acids where yields were ca. 1050%.

Scheme 5.1: Derivatisation of fatty acids to produce fatty acid 4-iodobenzyl esters
(FAIBE).

Fatty acid methyl ester derivatives of arachidic acid FA (20:0) and phytanic acid
FA (4Me16:0) were prepared by treatment with 10% BF3 in methanol. The samples
used in preparation of non-covalent adducts between FAME and 4-iodoaniline were
obtained by extracting FAME (20:0) and FAME (4Me16:0) into pentane and diluting
this organic layer to a final concentration of 10-20 µM of FAME in methanol, then
adding 4-iodoaniline 10 µM and 0.2% formic acid.

5.2.3 Instrumentation
All mass spectra were acquired on a modified LTQ linear ion trap mass
spectrometer (Thermo Fisher Scientific, San Jose, CA). The sample solutions of fatty
acid derivatives were introduced into the electrospray ionisation source by direct
infusion to generate the gaseous sodium adducts. Typical source parameters were:
sample flow rate 3 µL min-1, spray voltage +4.5 kV, capillary temperature 250°C, tube
lens voltage 129 V, and the capillary voltage 49 V. Nitrogen gas served as the sheath
(arbitrary flow units between 5 and 20), auxiliary and sweep gases (between 0 and 5),
and helium gas served as the buffer gas. Ions were mass-selected with a window of 1-3
Da and subjected to photodissociation (PD) as described below. Radical-directed
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dissociation (RDD) mass spectra were acquired by subsequent mass-selection of radical
ion photoproducts followed by collision-induced dissociation using standard conditions
(i.e., normalised collision energy 20-25 and 30 ms activation time).
The linear ion trap was previously modified184 to enable PD experiments
following the experimental configuration described by Ly and Julian.111 Briefly, a
quartz window (MDC Vacuum Products, Hayward, CA) was installed on the posterior
plate of the vacuum housing to allow transmission of 266 nm laser pulses (~30 mJ cm-2)
from a flash lamp-pumped Nd:YAG laser (Continuum, Santa Clara, CA). All laser
experiments herein are conducted at λ = 266 nm and the pulse-width of the laser is
approximately 5 ns. The laser beam was directed into the trap via two right-angle
prisms, which can be adjusted to optimise alignment with the ion cloud. Pulses were
synchronised to the beginning of the activation step of a typical MSn experiment by
feeding a TTL pulse from the instrument to the laser via a digital delay generator
(Berkeley Nucleonics, San Rafael, CA). Only one laser pulse irradiates the selected ions
per mass spectral cycle. All spectra presented represent an average of 50-100 scans.
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5.3 Results and Discussion
5.3.1. Saturated straight-chain and branched fatty acids
Figure 5.1 shows photodissociation (PD) mass spectra of protonated 4iodoaniline (IA) at m/z 220 and the two non-covalent complexes of this adducting agent
with two saturated fatty acid methyl esters, forming [FAME (20:0) + IA]+ and [FAME
(4Me16:0) + IA]+ precursor ions both seen at m/z 546.

Figure 5.1: PD mass spectra of (a) protonated 4-iodoaniline (pIA), (b) and (c) noncovalent complexes with pIA of phytanic and arachidic acid methyl esters, respectively.
Structures of the precursor ions are shown in each spectrum.
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All three PD spectra in Figure 5.1 show only one major product ion at m/z 93
corresponding to an aniline radical cation and significantly, in the case of the lipid
adduct ions, no radical ion incorporating the lipid is observed. The formation, and
subsequent collisional activation of lipid radical ions derived from PD of such noncovalent complexes was central to the radical-directed dissociation (RDD) strategy we
have previously employed for complex lipids.201 The data shown here, however,
indicate that at least in the case of saturated FAME, our non-covalent RDD approach is
unable to provide any structurally diagnostic fragmentation let alone discrimination
between branched and straight chain fatty acid isomers.
In contrast to the non-covalent complexes described above, the PD mass spectra
of covalent 4-iodobenzyl ester derivatives of the same straight-chain and branched fatty
acid isomers show rich fragmentation and significant points of differentiation (Figure
5.2a and c, respectively). These spectra were obtained by isolating m/z 551 precursor
ions for [FAIBE (20:0) + Na]+ and [FAIBE (4Me16:0) + Na]+ and subjecting them to a
single laser pulse (λ = 266 nm). For both isomers the major ionic photoproduct is
observed at m/z 424 and corresponds to homolysis of the carbon-iodine bond and
formation of a [M + Na - I]•+ radical cation. Subsequent mass-selection and collisioninduced dissociation of this ion in each case gave rise to the RDD mass spectra shown
in Figures 5.2(b) and (d). Similar PD and RDD spectra were obtained for the analogous
[M + Li]+ ions (Supporting Information, Figure S5.1) suggesting that dissociation is
predominantly radical-directed rather than charge-directed in these experiments.
Proposed radical-directed fragmentation pathways for the branched acyl chain are
shown in Scheme 5.2.
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Figure 5.2: Mass spectra of saturated non-branched vs. branched fatty acid 4iodobenzyl ester (FAIBE) derivatives. (a) and (b) PD and RDD mass spectra acquired
from arachidic acid, FAIBE (20:0); (c) and (d) PD and RDD spectra acquired from
phytanic acid FAIBE (4Me16:0).
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Scheme 5.2: Proposed fragmentation pathways for FAIBE (4Me16:0) where the m/z of
product ions correspond to those shown in Figure 5.2(d).
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Comparing the PD spectra shown in Figures 5.2(a) and (c) reveals a difference in
peak spacing in the low-mass region of the spectra. Specifically, product ions at m/z 172
and 185 (m = 13 Da) are observed for the straight-chain FAIBE (20:0), while ions at
m/z 172 and 199 (m = 27 Da) are associated with methyl-branched chain of FAIBE

(4Me16:0). Mechanisms to account for these fragments in the latter case are indicated in
Scheme 5.2 (pathways vii, viii). In this proposal, hydrogen atom abstraction by the
nascent phenyl radical results in relocation of the radical to the C2- and C4-positions on
the fatty acyl chain. Subsequent β-scission from these positions can yield the radical
cation at m/z 172 or the closed shell olefin at m/z 199. Applying the same mechanisms to
arachidic acid (not shown) yields the identical product ion at m/z 172 but, in the absence
of the C3-methyl branch, β-scission from C2 yields a product ion at m/z 185. These
features of the PD spectra alone are sufficient to differentiate the two isomers and further
spectral differences are also noted among the lower abundance product ions. These low
intensity signals are enhanced by subsequent collisional activation and the resulting RDD
spectra are discussed below.
The regular peak spacing observed in the RDD spectrum of the straight-chained
arachidic acid in Figure 5.2(b) suggest that hydrogen abstraction by the phenyl radical
occurs almost uniformly at all methylene positions along the carbon chain. Subsequent
β-scission processes from these carbon-centred radicals give rise to a homologous series
of radical cations (resulting from neutral alkene elimination) and even-electron olefinic
cations (resulting from alkyl radical losses). The superposition of these processes that
differ in product ion mass by 1 Da results in the apparent peak doubling observed in
Figure 5.2(b), for example, m/z 297 and 298 ions result from loss of C9H19 and alkene
C9H18, respectively. The presence of methyl branching however, leads to more selective
fragmentation patterns in the RDD of FAIBE (4Me16:0) (Figure 5.2d) where product
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ion abundance is found to vary more substantially. The preference for chain cleavage at
some positions over others is attributed to the scenarios where either (i) a stabilised
tertiary radical located at a branch point undergoes dissociation via β-scission (e.g.,
Scheme 5.2 pathway iii) or (ii) dissociation adjacent to a branch point yields a
secondary radical product (e.g., Scheme 5.2 pathway ii). This rationale is illustrated for
all major product ions in Scheme 5.2 and explains the characteristic alternation between
even and odd mass product ions observed in Figure 5.2(d). Importantly, the radical
dissociation processes in the RDD spectra of the FAIBE derivatives clearly differentiate
straight-chain FA (20:0) from its methyl-branched FA (4Me16:0) isomer (cf. Figure
5.2b and d). Moreover in the latter case, the fragmentation patterns can be used to
localise the positions of methyl substituents.

5.3.2. Monounsaturated fatty acids
Three isomeric monounsaturated fatty acids, namely FA (11Z-18:1), FA (9Z-18:1)
and FA (6Z-18:1) were derivatised as 4-iodobenzyl esters and subjected to electrospray
ionisation in the presence of sodium acetate. The resulting [M + Na]+ ions were then
irradiated by a single laser pulse (λ = 266 nm) and the resulting PD mass spectra are
shown in Figure 5.3. While in all three instances the most abundant product ions are
assigned as the loss of atomic iodine (i.e., [M + Na - I]•+ at m/z 394) the next most
abundant product ions are distinct in each case (i.e., m/z 324, 296 and 254 in Figures
5.3a-c, respectively). Although some magnification is required to visualise these
product ions, the PD spectra display excellent signal-to-noise and thus these diagnostic
signals can readily be used to differentiate between the three isomers. Furthermore, the
neutral losses of the radicals C5H11•, C7H15• and C10H21• in the spectra shown in Figures
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5.3(a-c), respectively are consistent with homolytic cleavage of the allylic carboncarbon bond implicating a common mechanism in each case.

Figure 5.3: Photodissociation (PD) mass spectra acquired from monounsaturated
isomers [FAIBE(18:1) + Na]+ derivatised from (a) FA(11Z-18:1), (b) FA(9Z-18:1) and
(c) FA(6Z-18:1).  indicates the diagnostic fragment ion formed selectively from each
double bond positional FA isomer.
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Energetically, the initial phenyl radical formed following photolysis of the
carbon-iodine bond can abstract any hydrogen atom from the carbon chain due to the
higher carbon-hydrogen bond dissociation energy of benzene (~113 kcal mol-1)
compared to aliphatic carbon-hydrogen bond energies (~96 kcal mol-1).187 As a result,
facile hydrogen atom transfer from a range of sites on the fatty acyl chain is expected
and several representative structures resulting from this initial rearrangement are
indicated in Scheme 5.3. In some instances the radical will be at a stabilised position
such as the α-position (adjacent to the carbonyl moiety) or the allylic positions (adjacent
to the carbon-carbon double bond), examples of which are indicated in Schemes 5.3(b)
and (d), respectively. Even in instances where the radical does not transfer directly to
these

positions,

subsequent

hydrogen

atom

transfer

events

will

also

be

thermodynamically favourable leading to an eventual cascade to stabilised positions.
Indeed, Ly and Julian have estimated that in RDD of peptides and proteins up to three
such sequential hydrogen atom transfers may occur until the radical becomes localised
at energetically favored positions.202 As a consequence of these processes, the bulk of
the ion population that survives the initial photolysis event is expected to be made up of
stabilised radical cations and it is these species which will be isolated for subsequent
CID in RDD experiments (see later). In contrast, if the initial hydrogen atom abstraction
occurs adjacent to an activated bond then direct β-scission results. Two such examples
are illustrated for FAIBE (9Z-18:1) in Scheme 5.3(a) and (c) and correspond to the
formation of resonance stabilised ester enolate (m/z 172) and allyl (m/z 296) radical
cations, respectively. The selectivity of the latter pathway makes this a particularly
useful diagnostic for double bond position and thus provides an alternative means of
selective identification and differentiation of unsaturated fatty acids.
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Scheme 5.3: Proposed mechanism radical rearrangement and dissociation resulting
from PD of 4-iodobenzyl ester derivative of oleic acid. The m/z values correspond to
some major product ions observed in Figure 5.3(b).

Subsequent CID performed on the abundant radical ions at m/z 394 from each of
the monounsaturated FAIBE isomers gave rise to rich RDD fragmentation as illustrated
in Figure 5.4. At a glance, the base peaks observed in all three RDD spectra are distinct
(i.e., m/z 337, 309 and 239 in Figure 5.4a-c, respectively) thus representing a
characteristic ion for each isomer. In Figure 5.4(a), the base peak at m/z 337
corresponds to a neutral loss of a C4H9• radical (-57 Da), which likely involves βscission from an allyl radical adjacent the Δ11 double bond (Scheme 5.4a). By extension
of this mechanism, when the position of unsaturation is at Δ9, as for FAIBE (9Z-18:1), a
28 Da shift of the most abundant RDD fragment is predicted. This corresponds to a
C6H13• loss (Scheme 5.4b), and indeed the ion produced via this mechanism is observed
at m/z 309 in Figure 5.4(b). Similarly, the same process occurring in FAIBE (6Z-18:1)
would give rise to a product ion at m/z 267 from loss of a C9H19• radical. While this
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fragment is observed in the RDD spectrum, it is of low abundance and the spectrum
shown in Figure 5.4(c) is instead dominated by the product ion at m/z 239 suggesting a
competing pathway exists for this isomer that results in loss of a C11H23• radical. One
possible explanation for the preferential formation of the m/z 239 signal for this isomer
is the process outlined in Scheme 5.4(c). In this mechanism, activation of the stabilised
ester enolate radical results in cyclisation and addition to the Δ6-double bond to form a
six-membered ring. Subsequent β-scission from this intermediate could give rise to the
observed C11H23• radical loss. The formation of a six-membered ring for FAIBE (6Z18:1) is expected to be favorable, while the same process will become disfavored for
double bond positions beyond ∆6 due to entropic constraints.
In contrast to the formation of a single dominant product ion, as observed for
FAIBE (6Z-18:1) (Figure 5.4c), the RDD spectra of FAIBE (9Z-18:1) and FAIBE (11Z18:1) isomers (Figure 5.4a and c) reveal extensive fragmentation of the hydrocarbon
chain. The fragment ions observed correspond to dissociation arising from almost all
positions suggesting that dissociation is preceded by radical migration. By analogy to
saturated fatty acids discussed earlier (cf. Scheme 5.2), these product ions can be
rationalised as resulting from a series of alkyl radical or alkene losses. The regular peak
spacing of 14 Da that arises from these processes, is interrupted by the carbon-carbon
double bond providing a distinctive 12 Da spacing as indicated by the symbols  in
Figure 5.4. This pattern suggests that RDD spectra of FAIBE derivatives could be used
to locate position(s) of unsaturation within unknown lipids. Interestingly, this peak
spacing pattern is consistent with that reported for unsaturated fatty acid derivatives
upon EI180,181 and high energy CID.189,190
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Figure 5.4: RDD spectra resulting from the PD-generated [M + Na - I]•+ radical cation
m/z 394 from 4-iodobenzyl ester derivatives: (a) FAIBE (11Z-18:1); (b) FAIBE (9Z18:1); and (c) FAIBE (6Z-18:1). Product ions with a spacing of 12 Da indicative of
carbon-carbon double bond position are labelled with symbols .
The sensitivity of both PD and RDD processes to the configuration of the carboncarbon double bond was also investigated. FAIBE derivatives of the elaidic acid FA (9E18:1) and petroselaidic FA (6E-18:1) acids were prepared, both of which have trans
stereochemistry about their double bonds. The PD and RDD spectra obtained from the
sodium adduct ions of these derivatives are provided as supporting information (Figures
S5.2 and S5.3, respectively) and are indistinguishable from those acquired from their cis
counterparts, oleic and petroselinic shown in Figures 5.3 and 5.4. While the inability to
differentiate stereoisomers by this approach was disappointing it was not altogether
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unexpected given that the thermodynamic preference for hydrogen atom abstraction from
the allylic position(s) in unsaturated lipids is largely independent of stereochemistry.
Indeed, the formation of allylic radicals such as those indicated in Schemes 5.3 and 5.4
result in a loss of stereochemical information.
Scheme 5.4: Proposed mechanism of RDD fragmentation observed from the FAIBE
derivatives of (a) FA(11Z-18:1), (b) FA(9Z-18:1) and (c) FA(6Z-18:1).

163

PD OF FA DERIVATIVES

5.3.3 Polyunsaturated fatty acid
In order to investigate the photo-fragmentation behaviour of polyunsaturated
fatty acids, 4-iodobenzyl ester derivatives of linoleic acid were prepared and subjected
to both PD and RDD (Figure 5.5a and b, respectively).

Figure 5.5: (a) The PD spectrum of the [M + Na]+ ion of FAIBE (9Z,12Z-18:2) linoleic
acid. (b) The RDD spectrum acquired by collisional activation of m/z 392 radical ion
formed in (a). Adjacent peaks with 12 Da spacing indicated in the position of carboncarbon double bonds are labelled with symbols .
PD of the mass-selected [M + Na]+ ion of FAIBE (9Z,12Z-18:2) at m/z 519 gives
rise to predominantly the [M + Na - I]•+ ion at m/z 392 (Figure 5.5a). Several lower
abundant photo-fragments are also observed in this spectrum. The product ions at m/z
336 and 296 correspond to neutral loss of atomic iodine followed by losses of C4H8 and
C7H12 alkenes, respectively. By analogy with the mono-unsaturated systems discussed
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above, these fragments can be rationalised as resulting from dissociation of activated
carbon-carbon bonds and formation of a radical cation incorporating the stabilised allyl
radical moiety (cf. Scheme 5.3c). In contrast, the product ion at m/z 322, corresponding
to the neutral loss of a C5H10 alkene with cleavage at the vinylic position appears to be
characteristic of the homoallylic diene motif. The RDD spectrum shown in Figure
5.5(b) was acquired from CID of the PD-generated radical ions at m/z 392. The
fragmentation pattern of the polyunsaturated fatty acid is clearly distinguishable from
those of the monounsaturates previously discussed. Notably, the product ion spacing of
12 Da (labelled with  in Figure 5.5b) is repeated twice in the RDD spectrum of the
linoleic acid derivative. The first of these is noted between m/z 321 and 309,
corresponding to C5H11 and C6H11 neutral alkyl and alkenyl radical losses resulting
from vinylic and allylic carbon-carbon bond cleavages and indicative of the Δ12 double
bond. Similarly, the second distinctive ion pair observed at m/z 281 and 269 coincides
with the location of the second Δ9 double bond. An interesting “double peak” feature is
also observed in Figure 5.5(b) with abundant ions at both m/z 309 and 307 suggestive of
competing pathways for cleavage at the Δ12-double bond that result in neutral losses of
unsaturated (C6H11•) and saturated radicals (C6H13•), respectively. The approximately
equal abundance of these two product ions appears to be a characteristic feature of the
18:2 acyl chain as the equivalent ions are of low or negligible abundance for both the
monounsatured 18:1 analogues (e.g., note the low abundance of m/z 295 relative to m/z
297 in Figure 5.4(a)) and indeed, the equivalent C9 losses from 18:2 (i.e., no m/z 267
partners the m/z 269 in Figure 5.5(b)). While the mechanistic origins of this “double
peak” remain to be demonstrated, there is some analogy to our prior observations in the
RDD spectra of complex lipids.201 Overall, these data confirm that the key structural
features of the polyunsaturated fatty acid are retained in the radical ion formed upon
photodissociation of the 4-iodobenzyl ester derivative. Moreover, the subsequent
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dissociation of this species gives rise to a fragmentation pattern from which the initial
structure can be gleaned.

5.3.4 Hydroxy fatty acids
Hydroxy fatty acids (OHFA) are an abundant lipid class found in
foodstuffs,203,204 along with bacteria and fungi.205,206 The specific location of hydroxyl
branching points is reported to affect metabolic functionality,207,208 necessitating
analytical methods capable of elucidating the location of such motifs. Shown in Figure
5.6 are PD and RDD spectra obtained from FAIBE derivatives of two hydroxyl fatty
acids: 12-OHFA (18:0) and 12-OHFA (9Z-18:1).

Figure 5.6: (a) The PD spectrum of the [M + Na]+ adduct ion of the 12-OHFA (18:0)
derivative at m/z 539 and (b) the RDD spectrum acquired by performing subsequent
CID on the m/z 412 radical ion. (c) The PD spectrum of the [M + Na]+ adduct ion of the
12-OHFA (9Z-18:1) derivative at m/z 537 and (b) the RDD spectrum acquired by
performing subsequent CID on the m/z 410 radical ion.
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Figure 5.6(a) displays a PD spectrum generated following photolysis of massselected [M + Na]+ ions (at m/z 539) of the 4-iodobenzyl ester derivative of 12-hydroxy
stearic acid. The most abundant product ion in this spectrum is observed at m/z 412 and
corresponds to the radical cation formed upon loss of atomic iodine. Subsequent CID of
this species yields the RDD spectrum shown in Figure 5.6(b). Two major product ions
can be seen in both PD and RDD spectra and represent the losses of C7H14O (m/z 298)
and C6H13• (m/z 327) from the [M + Na - I]•+ radical cation. Both product channels could
derive from β-scission reactions directed from an alkoxyl radical at the 12-position as
indicated in Scheme 5.5.
Scheme 5.5: A proposed dissociation mechanism to account for the formation of major
fragment ions at m/z 298 and 327 resulting from decomposition of the radical cation at
m/z 412 generated by PD of the 4-iodobenzyl ester derivative of 12-OHFA (18:0).
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The dominance of these fragments (i.e., m/z 327 and 298) over those arising
from carbon-centred radicals, points to a preference for hydrogen abstraction from the
hydroxyl moiety. Simple enthalpic arguments do not account for this selectivity
however, with the oxygen-hydrogen bond dissociation energies of alcohols typically
higher (~105 kcal mol-1) compared to carbon-hydrogen bonds (~96 kcal mol-1).187
Rather we propose that this selectivity may arise from the proximity of the hydroxyl
group to the phenyl-iodide moiety in the three-dimensional structure of the gas phase
ion. It seems plausible that in such a structure the hydroxyl group, along with the ester
oxygens, would interact directly with the sodium cation placing the former in the
vicinity of the benzyl ester moiety and thus the nascent phenyl radical upon liberation
by photolysis. For comparison, the unsaturated hydroxyl fatty acid 12-OHFA (9Z-18:1)
– a major component of castor oil209 – was also investigated. PD and RDD mass spectra
obtained from the 4-iodobenzyl ester derivatives are shown in Figure 5.6(c) and (d),
respectively. While the PD spectrum is more complex than that of the corresponding
saturated analogue (cf. Figures 5.6a and c), ions indicative of the location of the
hydroxyl moiety and the double bond are clearly observed at m/z 296 (-C7H14O) and
325 (-C6H13•). Indeed the RDD spectrum, obtained by subsequent CID on the [M + Na I]•+ at m/z 410, is dominated by these two product ions. In summary, both hydroxy fatty
acids investigated here show abundant free radical-driven dissociation at the site of the
hydroxyl moiety. These findings suggest that either PD or RDD could be deployed to
describe the site(s) of hydroxylation in an unknown hydroxyl fatty acid.
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5.4 Conclusion
The standard esterification procedure employed here to produce the required
FAIBE derivatives was successfully demonstrated for a variety of structurally diverse
fatty acids. In general the esterification was high-yielding with the exception of the
hydroxy fatty acids for which competing reactions (likely intramolecular lactonisation)
reduced the efficiency of the desired conversion. Nonetheless even in this case
sufficient FAIBE was formed to demonstrate the effectiveness of the photodissociation
strategy and alternative esterification protocols could be employed to improve this yield
if required. Ionisation of the FAIBE derivatives as sodium adducted ions and
subsequent laser-photolysis at 266 nm was found to be efficient in the generation of the
desired radical ions with yields of between 30 and 100% of the precursor ion
abundance. In addition to the expected iodine loss, several of the derivatised fatty acids
showed distinct fragmentation patterns upon photolysis. In particular, cleavage of
activated carbon-carbon bonds was observed, such as homolysis of allylic carboncarbon bonds in unsaturated fatty acids. This selective fragmentation upon
photoactivation may find application in selective screening of complex lipid mixtures
for specific motifs such as double bond position(s) or sites of hydroxylation. For
example, undertaking PD on a mass spectrometer of triple quadrupole geometry (such
as that recently described by Dugourd, Lemoine and their co-workers210) would allow
multiple reaction monitoring or neutral loss scans to be undertaken targeting a particular
structural motif or individual fatty acid isomer present within a complex mixture.
Subsequent CID of the [M + Na - I]•+ radical cations formed from these FAIBE
derivatives gives rise to rich, radical-driven fragmentation and the resulting RDD mass
spectra were able to distinguish between isomeric fatty acids. The usual mass difference
between peaks is representative of the succession of methylene groups of the carbon
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chain. Thus, RDD of derivatised fatty acids containing saturated, non-branched acyl
chains are characterised by spectra with regular peak spacings of 14 Da between
successive neutral losses in the alkyl radical or alkene series. In the same way, any
increase in the spacings between adjacent groups of peaks provides evidence for the
presence of branching features or even hydroxylation in the acyl chain. For example,
spacings of 29 Da were shown to locate both (i) the positions of methyl branched chain
for the phytanic acid derivative (cf. Figure 5.2d) and (ii) the position of hydroxylation in
12-hydroxy steric acid (cf. Figure 5.6b). Similarly, a decrease in peak spacing to 12 Da
was observed to arise at the position(s) of carbon-carbon double bonds within
unsaturated fatty acids.
In conclusion, we have presented here a novel approach to lipid structure
elucidation that is particularly suited to describing simple lipids such as fatty acids. The
requirement to incorporate a chromophore and a photolabile moiety were readily
satisfied in this instance by incorporation of 4-iodobenzyl alcohol by standard
esterification procedures. As noted in the introduction however, a wide range of fatty
acid derivatisation procedures have previously been described (e.g., DMOX derivatives)
and many of these could be readily adapted to satisfy the requirements of RDD. It is
thus attractive to consider exploitation of alternative derivatives that may allow for
improved derivatisation and/or ionisation efficiencies and even greater selectivity in
radical-directed fragmentation.
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5.5 Supplementary Information

Figure S5.1: Mass spectra of lithium adducts of saturated non-branched vs. branched
fatty acid 4-iodobenzyl ester (FAIBE) derivatives. (a) and (b) PD and RDD mass
spectra acquired from arachidic acid, [FAIBE (20:0) + Li]+; (c) and (d) PD and RDD
spectra acquired from phytanic acid [FAIBE (4Me16:0) + Li]+.
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Figure S5.2: RDD mass spectra of cis (Z) and trans (E) fatty acid 4-iodobenzyl ester
(FAIBE) derivatives (a) from oleic acid, [FAIBE (9Z-18:1) + Na]+ and (b) from elaidic
acid, [FAIBE (9E-18:1) + Na]+.
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Figure S5.3: RDD mass spectra of cis (Z) and trans (E) fatty acid 4-iodobenzyl ester
(FAIBE) derivatives (a) from petroselinic acid, [FAIBE (6Z-18:1) + Na]+ and (b) from
petroselaidic acid, [FAIBE (6E-18:1) + Na]+.
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CHAPTER 6
Summary and Conclusions
The application of modern mass spectrometry to the analysis of lipids has been a
central development in the renaissance of lipid research. Nevertheless, differentiation of
isomeric structures by mass spectrometry presents significant challenges. This is
particularly true for lipid mass spectrometry given the diverse array of lipid isomers in
nature and remains a key limitation that must be resolved. In this thesis, novel mass
spectrometric approaches for the differentiation of structures and reactivity of isomeric
lipids containing various carbon chain motifs have been developed. In order to
undertake these investigations, two linear quadrupole ion-trap mass spectrometers were
modified to allow for (i) ozone-induced dissociation (OzID) by controlling an additional
flow of ozone into the buffer gas to induce ion-molecule (ozonolysis) reactions, and (ii)
photodissociation (PD) by incorporating a pulsed laser system to irradiate ions stored in
the linear ion-trap to induce the electronic excitation and dissociation of lipid molecules.
OzID was performed on a modified triple quadrupole mass spectrometer
(QTRAP) incorporating online ozone generation to provide stable and reproducible
ozone concentrations. This allowed for a kinetic examination of gas-phase ozonolysis
reactions (i.e., the second order rate constants) for the reactions of ozone with ionised
lipids including both conjugated and non-conjugated motifs. This study, described in
Chapter 2, uncovered intriguing reactivity trends for OzID of ionised polyunsaturated
lipids in terms of overall reaction rates as well as the observation of unique odd-electron
product ions from conjugated lipids (Scheme 6.1).
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Scheme 6.1: The formation of characteristic odd-electron product ion in OzID of a
double-bond conjugated isomer.

Strikingly, an increase of more than two orders of magnitude is observed for the
ozonolysis rate constants between non-conjugated and conjugated isomers. This facile
reaction was exploited to increase the sensitivity of the detection of conjugated linoleic
acids in complex mixtures while a characteristic odd-electron product ion confirm the
presence of double-bond conjugation in these systems. A neutral loss experiment using
an OzID transition was conducted on a triple quadrupole instrument (NLOzID)
demonstrating the selective detection of a single conjugated isomer from an
unfractionated mixture. This is the first time OzID has been successfully performed as a
beam-type experiment (i.e., a non-trapping experiment) and, combined with previously
described sensitivity gains in this instrument,96 suggests an increasing compatibility of
OzID with high-throughput methods employed in global lipidomics.
OzID was also performed on a single-stage linear ion-trap (LTQ) allowing for
multiple stages of ion isolation and activation (i.e., MSn). Utilising this instrumentation
a further OzID-based method was developed, in combination with CID, allowing for
identification of sn-positions of acyl chains in glycerolipids as well as location of
double bonds within a specific sn-fatty acid constituent (see Chapter 3). Sequential
CID/OzID was demonstrated to be a powerful method for sn-regioimerism analysis to
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discriminate lipid isomers arising from different positions of substitution on the glycerol
backbone. A major advantage of our approach over other techniques is its applicability
to a diverse range of lipid structures, including six common head-group classes of
glycerophospholipids, i.e., PA, PC, PE, PG, PS and PI, and also triacylglycerols. The
efficacy of the CID/OzID method is due to the discovery of the sn-dependent CID
behavior of [M + Na]+ ions formed from these lipids. In particular, the neutral loss of
phospholipid head-group or a fatty acid is driven exclusively by the adjacent fatty acyl
via a five-membered ring substitution mechanism (Scheme 6.2).
Scheme 6.2: Proposed CID/OzID mechanism via the five-memberred ring intermediate for
phosphatidylcholine PC(16:0/18:1).

Utilising the selectivity in this substitution mechanism, a CID/OzID2 sequence
was demonstrated to assign the location of double bond(s) associated with outer fatty
acyl chain only, i.e., sn-1 in glycerophospholipids or sn-1/sn-3 for of triacylglycerols.
Localisation of double bond(s) within the middle unsaturated fatty acyl substituent can
be assessed by comparison between total double bond(s) in the intact molecules and
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double bond within outer sn-1/sn-3 positions. This method was used to reveal an
increase in the abundance of n-7 double bonds associated with sn-2 fatty acids of
triacylglycerols present in VLDL obtained from patients with dyslipidemia.76 Further
investigation has found that the (CID/OzID)2 sequence also allows for localisation of
double bonds in sn-2 acyl chain specifically for some lipid classes. In summary,
combined CID-OzID methods provide powerful tools for identification of individual
lipid isomers which only differ in (i) sn-position of fatty acid constituents on glycerol
backbone and/or (ii) double bond position in a specific sn-fatty acid. As a typical
example, application of appropriate combinations of CID and OzID for analysis of a
single abundant PC(34:1) ion in a cow brain extract revealed four distinct isomeric
lipids whose structures are shown in Scheme 6.3.
Scheme 6.3: Different combinations of CID and OzID performing on a linear ion trap
mass spectrometer for structural elucidation of glycerophospholipids.
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As an alternative to the ion-molecule activation deployed in OzID-based
approaches, we have also investigated photodissociation (PD) as a means of providing
detailed structure elucidation for ionised lipids. In this approach, a radical initiator
containing a lipid-adducting group can be attached either to simple lipids (e.g., fatty
acids) by a chemical derivatisation or to complex lipids (e.g., glycerophospholipids,
sphingomyelins and triacylglycerols) via formation of non-covalent complexes during
electrospray ionisation. Laser irradiation of these complexes at UV wavelengths (266
nm) releases a highly reactive radical within the ion structure. This lipid radical ion
undergoes significant intra-chain fragmentation of acyl moieties, either directly or upon
subsequent collisional activation.
The non-covalent radical-directed dissociation (RDD) approach was examined
for a wide variety of complex lipids covering the major classes of glycerophospholipids,
sphingomyelins and triacylglycerols (see Chapter 4). The broad applicability of this
approach is due to our ability to tailor the adducting group to suit the lipid class under
investigation. For example, the fixed positive charge in the phosphocholine group of PC
and SM forms a stable ionic bond with the 4-iodobenzoate anion in negative ion mode.
Negative ion RDD provides information on a wide array of structural variants for both
double bond and chain-branching positions within intact complex lipid molecules with a
short analysis time (i.e., conventional CID timescales). Although TG is a neutral lipid
species, it is detectable in the form of a non-covalent complex with positively charged
iodoanilium ions. RDD of this complex in positive ion mode revealed structural
diversity of TG present in olive oil and human very-low density lipoprotein. It is
interesting to note that this subtle change in formation of adducting ions results in
alterations to the pathways forming the lipid radical ion upon irradiating activation as
illustrated in Scheme 6.4.
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Scheme 6.4: Illustration of two pathways of radical ion formation occurring in PD and
RDD processes (a) abstraction mechanism and (b) addition mechanism.

Interestingly, in RDD of the negatively charged iodobenzoate adducts of GP and
SM, dissociation is primarily driven by hydrogen atom abstraction while for the
positively charged iodoanilinium adducts of TGs addition of the nascent radical to the
site(s) of unsaturation accounts for most of the RDD product ions. These differences
warrant further investigation as they may suggest ways in which the dissociation
chemistry can be further manipulated for greater sensitivity and selectivity in this
approach.
The derivatisation of fatty acids (Scheme 6.5) as 4-iodobenzyl esters (FAIBE)
was shown to be facile, and following the formation of metal adducts during
electrospray ionisation, selective PD and RDD fragmentation was observed. This
protocol allows for the structural identification of lipids, revealing details such as the
location of the double bond(s) and/or methyl branching point(s). This has been
demonstrated for the structural identification of various acyl chain motifs, ranging from
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monounsaturated to polyunsaturated fatty acids, and differentiation of straight acyl
chains from methyl branched acyl chains.
Scheme 6.5: Derivatisation of a branched fatty acid for PD and RDD structural
characterisation.

Direct examination of PD spectra obtained from FAIBE derivatives shows
distinct patterns for each acyl chain motif. For example, the 27/28 Da peak spacings,
which are distinct from the regular peak spacing of 14 Da, are associated with methyl
branched acyl chains. In the case of hydroxy fatty acids, a unique peak pattern with 29
Da peak spacing between two abundant product ions is typical for the presence of a
hydroxyl subtituent and allows one to assign the position of this functional group on the
carbon chain. These specific features in PD fragmentation can be exploited further by
data-dependent acquisition on a triple quadrupole instrument,210 such as neutral loss or
precursor ion scans for rapid identification of individual lipid isomers present within a
complex mixture.
180

CONCLUSIONS
Scheme 6.6: The structural diversity at molecular level for different types of isomerism

The application of OzID- and PD-based methods to the analysis of lipid extracts
as described in this thesis demonstrates the capabilities of this technology in providing
information-rich mass spectra directly from complex samples. While the complexity of
these spectra is greater than that obtained from synthetic lipids of known structure, they
provide clear evidence for the presence of multiple isomeric variants (illustrated in
Scheme 6.6) at a given m/z and can even provide an indication of variation in the
relative abundance of these contributors. Although a small number of biological
samples were used in this work, these served as an important test set to validate new
methods for elucidating subtle differences in lipid molecular structure and detecting
changes in the relative proportion of such isomers between different samples. Small
differences in structure can have profound effects on the chemical and physical
properties of the molecule and as such subtle disturbances in the relative populations of
isomeric lipid components may well have profound effects on the cell or even whole
organism in question. Preliminary data from a small subset of clinical samples discussed
in Chapter 3 already suggest a possible association of changes in lipid isomer
populations and lipid-related disorders. Applications of the current techniques can
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provide information at the molecular level and detect the change in isomer distributions.
Such approaches, especially PD of characterized lipid complexes and OzID of
conjugated lipids show great promise for high-throughput analysis but further
development is required to ensure that they are fast and robust enough to be deployed in
the large sample sets required in clinical studies. Overall the work presented in this
thesis represents a significant step forward in our ability to obtain complete structural
assignment of lipids by mass spectrometry alone.
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